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SUMMARY 
Ion-molecule reactions are studied using a statis-
tical phase space model, and the theoretical predictions 
compared with experimental results. The phase space model 
assumes that a collision complex is formed between the 
interacting species, and the probability for a given process 
occurring is given as the phase space available to that 
process divided by the total phase space available for de-
composition of the collision complex. In the basic form of 
the theory decomposition of the complex is governed only by 
conservation of total energy and total angular momentum. 
These conservation principles determine the phase space 
available to a given product channel. 
Charge transfer and dissociative charge transfer reac- 
tions of rare gas ions with nitrogen are studied in the 0.05 
to 200 eV energy range. Comparison between calculated and 
experimental cross sections for the charge transfer proc-
esses indicate an incomplete mixing of statistically avail-
able N 2+ product states. If experimental observation is 
used to select the dominant charge transfer product state, 
qualitative agreement between calculated and experimental 
cross sections is obtained. Cross sections computed for 
endoergic dissociative channels of reaction are in good 
x 
xi 
agreement with experiment. 




and NO ions have been calculated as a function of 
reactant ion kinetic energy. The reactant ion cross sections 
were weighted to account for the internal state distributions 
of reactant ions produced in electron impact processes. 
Given the preparation conditions, which a priori determine 
the reactant ion vibronic distribution, the phase space 
model reproduces observed thresholds and kinetic energy 
dependences for the collision induced dissociation processes. 
The mass transfer reactions between C + and N 2 and 0 2 
to form CN + and CO+ , respectively, show that it is necessary 
to consider spin conservation in addition to conservation of 
energy and angular momentum in considering the products of 
ion-molecule reactions. Consideration of spin conservation 
for the above processes gives calculated cross sections that 
are in qualitative agreement with experimentally observed 
cross sections. Phase space predictions for dissociative 
charge transfer and charge transfer processes are in agree-
ment with experimental measurements at low ion kinetic 
energies. At high ion kinetic energies charge transfer 
channels of reaction are more adequately described using a 
nearest resonance method. 
The phase space model is shown to give product ion 
internal energy distributions that are consistent with ex-
perimental observations. The vibrational and rotational 
xi i 
distributions of N 2 + produced in charge transfer reactions 
calculated using the phase space model compare favorably 
with experimentally determined relative radiative intensi-
ties from product ions. In addition, kinetic energy dis-
tributions of the charge transfer and dissociative charge 
transfer show a good correlation with observed diatomic 




It has been known since early in this century that 
gas phase ion-molecule reactions occur in mass spectrometric 
ion sources. The first important theoretical work of rele-
vance was Langevin's (1) work on mobilities in which he con-
sidered clustering of molecules about gaseous ions and 
orbiting collisions between ions and molecules. The colli-
sion of an ion with a molecule can result in many different 
things: elastic scattering, inelastic scattering (involving 
exchange of translational, vibrational, or electronic energy), 
charge transfer, dissociative charge transfer, or collision 
induced dissociation. 	In order to calculate the probability 
that any of these events occur, it would be necessary to 
follow the dynamics of the nuclei and electrons. However, 
even in the Born-Oppenheimer approximation the problem is 
incalculable quantum mechanically or classically. 
Light (2) has suggested a relatively simple method of 
calculating the cross section for a given process, avoiding 
the intermediate steps of calculating the potential and the 
dynamics by postulating the reactions proceeding without 
activation energy: 
2 
The probability of formation of any given product in 
a strong coupling colliSion is proportional to the 
ratio of the phase space available to that product 
divided by the total phase space available with con-
servation of energy and angular momentum. 
He reasoned that everything except elastic scattering occurs 
via formation of a collision complex. The total cross sec-
tion for formation of the complex is then statistically 
distributed among the possible products of the reaction, the 
distribution depending only on the energetics of the reac-
tion. Strong coupling is necessary to ensure that the com-
plex loses all memory so that decomposition of the complex 
is governed only by the available phase space. By strong 
coupling we mean that the particles are brought to a point 
where chemical bonding forces are felt; that is, to a region 
of large forces and small separations between the particles. 
Application of this hypothesis requires that the col-
lision complex exist for a time long enough that the avail-
able energy be distributed randomly among all degrees of 
freedom; that is, all possible quantum states are taken to 
be equally probable, given conservation of energy and 
angular momentum. On the other hand, if collision times are 
short, the relative positions of the nuclei do not vary 
appreciably, and averages over small variations in the 
phases may give cross sections correlating with the avail-
able phase space. 
The criteria for formation of a collision complex are: 
(a) There must be strong coupling. (b) When the particles 
3 
come to the complex configuration, the kinetic energy of the 
particles is large compared to the energy level separation 
of the complex so that decomposition of the complex is 
statistical. 	(c) The initial state of the reactants is un- 
known in the complex, However, all of these conditions may 
not be necessary for the phase space model to be appli-
cable. 
The phase space model is expected to fail when quan-
tities other than energy and angular momenta are conserved; 
or, in general, when there is an incomplete mixing of prod-
uct states. The problem of spin conservation will be ex- 
plored in our application of this model. The three-body 
phase space theory (2,3) applied to neutral-neutral reac-
tions (4-6) has been moderately successful in predicting 
total cross sections, isotope ratios, and product excitation 
(electronic, vibrational, and rotational). Application to 
ion-neutral processes are quite limited (7-10) and thus far 
there has been little comparison between theory and experi-
ment. Limited success has been achieved only in application 
to certain channels such as dissociative charge transfer 
reactions of inert gas ions with CO (7). Since these early 
applications, experimental measurements with which to make 
a comparison have become more abundant. More recently the 
phase space treatment has been extended to four-body proc-
esses (11) with the inclusion of a resonance potential (12) 
to describe the H2 + H2 4 reaction. In most cases ion-molecule 
-WA 
4 
reactions are represented by the ion-induced dipole potential 
based on Langevin's (1) original work as carried out by 
Gioumousis and Stevenson (13). Whenever there is complete 
mixing of product states, the phase space model has proven 
adequate (14) whereas quantum mechanical or classical dynami-
cal calculations have proven cumbersome or difficult. How- 
ever, the statistical model is not expected to be applicable 
when certain product states are especially favored, such as 
resonant charge transfer processes (15). Another example of 
a statistical calculation applied to energy conversion has 
been the computation of vibrational-rotational distributions 
for decomposition products of excited molecules (16-18) 
formed in electron collision processes. 
The object of this thesis is to give a thorough test 
of the phase space model and its limits of applicability in 
predicting product distributions in ion-molecule reactions. 
After giving a brief quantum mechanical basis to the statis-
tical theory, in Chapter II we give the mathematical formu-
lation for a semiclassical treatment following Light et al. 
(2,3,7). To test thoroughly the model we have selected 
systems which give the widest range of product channels and 
for which there is sufficient experimental data with which 
to make comparisons. 
We first examine the mixing of product electronic 
states in the reactions of rare gas ions with nitrogen. 
These reactions show that the most energetically allowed 
5 
product is not always the most abundant product produced in 
charge transfer processes. However, by a priori selecting a 
certain product state for the charge transfer we find that 
we can obtain good agreement with experimental observations. 
One important feature of the phase space model is that within 
a given product electronic state the predicted relative popu-
lation of internal states is in agreement with experimental 
observations. Also, excellent agreement for dissociative 
charge transfer processes is obtained. 
In Chapter IV we examine the collision induced disso-
ciation of excited 02 + and NO+ . These reactions afford the 
opportunity to test the phase space model as a function of 
incident internal energy. As above, the dissociative proc-
esses are well described by phase space methodology and the 
dependence on internal energy of reactant ions is in agreement 
with experimental observations. The ion-molecule reactions 
of C+ with N2 and 0 2 considered in Chapter V have mass trans-
fer reaction channels available in addition to the charge 
transfer and dissociative charge transfer processes. Here 
we observe a very strong dependence on spin conservation in 
all processes. Agreement between phase space predictions and 
observed energy dependence of cross sections for charge trans-
fer reactions between C + and N 2 or 0 2 to give N2 + and 02+ 
 respectively is not attained except at low ion kinetic ener-
gies. Many cases of long distance charge transfer processes 
are known (19), and to represent these processes we have used 
6 
a near-resonance formalism in which the cross section is a 
function of the exothermicity of the reaction (20,21). 
To further examine internal product energy distri-
bution we consider the rotational distribution in a given 
product vibronic state resulting from charge transfer proc-
esses. Application of the phase space model to neutral-
neutral processes has shown reasonable accord with experi-
mental observation (4-6), but comparison of calculated rota-
tional distributions with those observed in ion-molecule 
reactions has not been made previously. 
In Chapter VII we consider the He + 	N2 4 N2+ reaction 
further. Using electron correlation arguments we show that 
N2+(c 2 E u) is the dominant product state. In,addition we 
incorporate a more suitable potential 
model. 
the ph4se space 
CHAPTER II 
MATHEMATICAL FORMULATION OF PHASE SPACE THEORY 
Quantum  Mechanical Formalism  
To give a basis for the classical formalism we will 
use for the model, we first give a brief quantum mechanical 
description of inelastic and reactive scattering developed 
in terms of the scattering matrix (22-25). A given state 
(or channel) can be specified by a set of quantum numbers 
which define a wave function that satisfies the Schrddinger 
equation and is defined as a region of configuration space 
in which the particles have a definite internal state at large 
separation. In this region of space the interaction between 
particles is negligible. The quantum numbers [a], [8], ..., 
denoting a channel represented by a, B, ..., and wave numbers 
ka = 1pa
I/K = uva/X will specify a scattering channel. If 
we consider a channel specified further by orbital angular 
momentum quantum number 1. and its projection m e the wave 
function for channel a can be written (24) 
Ta 	r- 1Ga (r)*(alr t j 




) is constructed from the eigenfunctions of par- 
ticles i and j and defines state a for a given separation 




Y is a spherical harmonic. If we specify that the radial 
function, Ga (r), behave asymptotically as 
Ga (rP ,v 1/2 [A mexpi - i(k ar- kw/2)1 - B lexpf+ilk a r-W2)11 (2) 
 the S matrix is defined by 
B a = 	Saa A a . 
(3) 
The S matrix connects the amplitude of the outgoing wave in 
channel 0, given byB s , with the amplitude of the incoming 
wave in channel a. The outgoing flux in channel 0 is given by 
4n  T2 177)r
2  pa(r)1av = 4w 
0 	TYLVT) I sa0 12 lAa12* 	(4) 
The incoming flux in channel a is 4w1A a 1 2 /(21+1), and the 
outgoing flux is 471Sa3 1 2 1A a 1 2 /(2t+1), Conservation of flux 
requires that 
s _ i 0 12 = 1; 
a 	a (5 ) 
the S matrix is unitary. 
Writing P Aai2 = (2t+1)/4k a2 gives for the partial 
cross section for scattering into channel 0 
a('a,R) = w(21+1)IS aa 1 2 /k a 2 , a # B. 	 (6) 
In addition, if we denote a channel by total angular momentum 
K coupled to orbital angular momentum t and rotational angular 
momentum m, the cross section for scattering from state a to 





a(a,a) 	 (2K+1)Iyatagi9, a )- (- 1 )gd al 	 f 7 ) 
(2m11-1)k 2 K a 
If we define I'm 	130 1 2 as the amplitude for production 
of state 0, then 
 




is the total amplitude for decay of the complex in the mode 
defined by [0]. The sum is over all quantities defining 
state B. 
If r t is small compared to the level spacing of the 
complex, DK , for a given K and if r(B) is independent of 
for all t satisfying conservation of angular momentum, the 
cross section for forming state B from a becomes (24) 
a(a, R) = --LLL_-- 	(2K-0-1) <r(a)F(3)/r tp >ay. 	(9) 
(2m4-1)k 2 Kt at$ 
a 
If we assume that events in different channels are statis-
tically independent, 
	
<r( a) r(0)/r tpK >av = <r(a ) /Deav <r(0)/r eav , 	(10) 
we have for the partial cross section for the production of 
state s from state a given as 
a(a, 0) = a(a) E E <r(0)/reav 
K t o 
where a(a) is the cross section for forming the complex. 
 
   
1 0 
A decay probability can be defined as 
PK (B) =•E <r(6)/rt>av -LB 
(12)  
This specifies that the probability of decomposition of the 
complex of angular momentum K is independent of the mode of 
formation. In application we must also assume that the 
probability of formation of the complex, 21 <r(a)/De av , is 
unity for t less than some tmax and zero otherwise (14). 
The cross section for formation of the complex is 
given by (14) 
tmax 
a(a) = _x_ 	(214,1) r  (2K 	1)  
k
a
2 1=0 	 L(22.4-1)(2m+1) -1 . 
The summation over t is restricted by the stronger of the two 
conditions: (a) there must be conservation of angular 
momentum: 	It - nil < K < It 	ml, and (b) that t < tmae 
If there is no initial rotational angular momentum, 
Eq. (13) becomes (3) 
i ax 
	
o(a) = 	r 	f 	(21+1) r- a t=0 
a 	 (tmax44)2. 
a 
 
For large t, writing t = pvb = kab, we obtain for the cross 
section for complex formation 
o (a) max







is the maximum impact parameter expected from 
classical considerations (13). 
Since we require that the mode of decomposition of the 
complex is uncorrelated with the mode of formation, except 
through conservation principles and detailed balancing, the 
cross section for forming state a from state a is 
a(a,0) = I a(a,K) P (8) 	 (17) 
K 
where a(a,K) is the cross section for forming a complex of 
angular momentum K from reactant state a. PK (B) is the prob-
ability for forming state B from the complex. The requirement 
of detailed balancing (3), namely that 
(2me1) k a a(a.„8) = (2mel) k B a(8,a), 	(18) 
places severe restrictions on the relative probabilities for 
decay into the available modes. 
From Eqs. (13), (17), and (18) we obtain (14) 
it 	(2K+1)I PK (B) = n 	(2K+1) I Pea). 	(19') 
to 	 K k a 
Since we have assumed that pK (a) is independent of state a, 
we can write Eq. (19) as 
it 1 (2K+1) P
K
($) 	1 = it I (2K+1) PK (a) 	1. 	(20) 
The last sums must be equal to the numbers of states availa-
ble to a given channel which can be formed from a complex 
12 
of specified energy and angular momentum: 
/ = n(a). 	 (21) 
Z a 
Therefore, 
PK ($)/n(3) = PK (a)/n(a) = N 
	
(22) 
where N t is the total number of states available from a given 
complex (14) and must be a constant. Therefore, the probabil-
ity of forming a given product state B is 
PK (a) = n(0) / N t . (23) 
Eq. (23) is analogous to Eq. (12) if we assume the probability 
of formation of a given product state is unity or zero con-
tingent upon the conservation principles. 
Classical Mechanical Formulation  
If we replace the summation over angular momentum in 
Eq. (14) by an integration over impact parameter and assume 
that the amplitude is proportional to the phase space 
available to a given channel, we obtain the corresponding 
classical formulation. Following is a derivation of the 
classical version of the phase space theory for a three-body 
process emphasizing the conservation principles involved 
based primarily on the derivation of Light et al. (2,3,7,8). 
The phase space theory of chemical kinetics is based on the 
assumption that a strong coupling collision complex is formed 
between the reactant ion and neutral target. A , strong cou- 
13 
pling complex is defined by the property (14) that the mode 
of decomposition of the complex is uncorrelated with the 
mode of formation except through conservation laws and de-
tailed balancing (3). The quantities conserved are energy 
and total angular momentum and its projection on one axis. 
A further assumption which greatly simplifies (and allows) 
calculation is that the probability of formation of a strong 
coupling complex from a given incident channel is either 
unity or zero. If bm is the maximum impact parameter in the 
incident channel; defined by the potential of interaction 
and the energetics of interaction, then the probability of 
formation of the complex is unity for all impact parameters 
less than b and zero otherwise. While this is not absolutely 
true in the quantum mechanical picture, the error introduced 
when considering heavy particles such as atoms is negligible. 
To a first approximation ion-molecule interactions leading 
to formation of the complex can be described by a long range 
polarization potential and a centrifugual repulsion barrier; 
vtr) = - e a cc/2r 4 + M 2.(2.4./)/2Pr 2 9 (24) 
where e is the electronic charge, a the polarizability of 
the neutral, R. the angular momentum quantum number, and u 
the reduced mass of the system. Under the influence of this 
potential, the maximum impact parameter for formation of the 
complex is (13) 
14 
bm = (2e 2 a/E) 1/4 	 (25) 
where E is the relative translational energy, and the cross 
section for formation of the complex is 
	
am = Itb M 2 = n(2e 2 a/E) 1/2  • 
	 (26) 
From the fundamental hypothesis (2) the probability of for- 
mation of a given product state i with conservation of total 
energy Et and total angular momentum K is 
Pi (Et,K) = ri/r(Et s K), 	 (27) 
where r% is the phase space available to that product state, 
and r(Et ,x) is the total phase space available given by 
n 
r(E t,K) 	r i 	 ( 28) 
i=1 
where the sum is over all product channels. The cross sec-
tion for formatton of a given product state is thus 
cy(Et,i) = 2rim P.(Et ,K) bdb, 	 (29) 
where the integration is over reactant impact parameter. 
Our first task is to evaluate the phase space elements 
for Eq. (28). The classical three-particle phase space ele-
ment is given by 
15 
3 
dr = II dq. d 3 ;. 
i=1 
= d 3 d 3 d 3 r d 3 ; d 3-P d 3 p', 	 (30) 
where ri and pi are the vector coordinates and momenta of 
particle i; R and P are the vector coordinates and momenta of 
the center of mass; r and ; are the relative coordinates of 
the third particle with respect to the center of mass of the 
diatomic specie; and 70 and 	are the relative coordinates 
of the diatomic specie. Since the center of mass coordinates 
are cyclic, the center of mass is either at rest or moving 
uniformly (26). Thus, we can drop the center of mass coor- 
dinates, and the remaining twelve coordinates will define the 
phase space of interest. Rewriting the phase space volume 
element in term!; of the total rotational, M, and orbital, L, 
angular momentum, the angular momentum in the z-direction, 
and the corresponding angular and radial coordinates gives 
for the volume element 
dr 	(dr dp r dL dL z daL dB L) (dr' dp') 
(dM dMz  daM  dBM  ). 
	 (31) 
The first set of elements correspond to the radial coordinate, 
momentum coordinate, orbital angular momenta, and correspond-
ing angular coordinates of the third body with respect to the 
center of mass of the diatomic specie; and the other elements 
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correspond to motion of the diatomic specie. It is desirable 
to reduce the volume element to an expression in terms of 
total energy, E t , vibrational energy Ev , and total angular 
momentum, K, by taking the Jacobian transformation of 
dr dp r dL dL z daL dr' dp' ♦ dE t dt t dK dK z dB if dEv  
For the transformation we need to consider the 
conservation principles: 
(a) The total energy must be conserved, 
Et = Etr ° 4" Ev° + Er ° = Etrf 	Evf "f" Erf 	420f., (32) 
where superscripts ° and f refer to the incident and product 
states respectively and gof is the exothermicity of reaction. 






= 1. 	 (33) 
(b) Conservation of angular momentum t = L + M. 
For the transformation didLzO L 	dKdK z dalc , it is easier to 
transform an arbitrary angular momentum vector to Cartesian 
coordinates. Then, since the Cartesian components of L and 
K are linearly related with a Jacobian of unity, we obtain 
the desired transformation. 
For an arbitrary angular momentum vector 
J2 = 7 2 	j 2 + 7 2 
v X -I- v2 
tan B = Jy/Jx 
   
y' 
i(j 2 	j 2) 
X 







3(Jxl eili ,J2 ) 
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= 1/J. 	 (3 4 ) 
Therefore, 
LdLdL zdBL = dtxdLya2 
dKX  dK ydK 
KadEzdB k . 	 (35) 
The phase space element thus becomes 
dr = (K/L) dEt  dT t  dE de V daL  daM  x 
d$K d^BM dK dK2 dM dMa . 	 (36) 
The integrals over aL, am, BM,  $K, Tta and T v are constants 
that are independent of channel and vibrational energy; thus, 
we can neglect them without affecting our results. Also, 
the integration over vibrational energy will be neglected 
for now, and later we will sum over vibrational states. 
Taking x to lie along the z-axis, conservation of 
angular momentum yields 
£ 2 = K2 4. M2 - 2KMz' 
	 (37) 
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and the phase space for forming a given product state i con-
sisting of a diatomic in vibrational state v i with conserva-
tion of total energy and total angular momentum is given by 
reEt,K,vi ) 	if EI + (m/10 2 - 2Mz/K)] -1/2 dMdMz . (381 
The limits of integration of Eq. (38) are found from the 
physical constraints on the system as defined by the limits 
of a strong coupling collision and a definition of what con-
stitutes a stable product state: 
(a) The final translational energy must be positive. 
Writing Er = M2 /2I where I is the moment of inertia of the 
diatomic, gives the upper bound on the final rotational 
angular momentum 
M2 /21 < E t - Evf + Qof = C. 
	
(39) 
(b) The limit imposed on the rotational energy to 
prevent the product diatomic from dissociating is 
M2/2I < Dvf , 	 (40) 
where Dvf is the dissociation energy of the diatomic molecule 
from vibrational state v. 
(c) The final requirement is product separation; that 
is, the products must have sufficient energy to pass over 
the angular momentum barrier. The actual limitations depend 
on the attractive forces between the products given by Eq. 
(24). The maximum in the potential occurs when 
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(dV/dr) r=r4 = O. Evaluating Eq. (24) at r* gives for the 
potential evaluated at r* 
V(r*) = [4i 2 1(i+/)] 2/(8u 2 e 2 a). 	 (41) 
From Eqs. (32) and (39) the final translational energy is 
given by 
Ef = Et" = ell - m2 /210. 
	 (42) 
In order that the products separate, we must have Ef > V(r*). 
Writing £ 2 =40t(t+i) and taking Lt. to be equal to uvfbf , 
where o
f 
and bf are the product velocity and impact parameter 









From Eqs. (39) and (43) the constraint on the 
z-component of rotational angular momentum is given by 
My > [K 2 + M 2 - ( 8e 2 0111 2 e) v2 (1 - M2 /21 c) 1/2 ] /2K. (44) 
Normally the integration over m z will be from -M to +m, but 
if -M is less than the right hand side of Eq. (44), the 
integration will be from Eq. (44) to +M. 
To find the limits of integration over m we need to 
find the roots of the equation 
(K - M) 2 - (813 2 a11 2 0 1/2 (1 - M2 /2I0 1/2 = O. 	(45) 
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If M1 and M2 are the roots of Eq. (45) such that M2 > 1M11, 
the limits of integration of the phase space integral, Eq. 
(38), are 
(a) over m : 	Upper limit * +m, 
Lower limit 
_m, 	M <1m/1; 
1. Eq. (44), 	M >1M11; 
(b) over M: 	Upper limit = M2 , 
Lower limit = 1M1 1 fi(m/ ). 
Integrating Eq. (38) over Mz gives 
rrdM = 2M, 	 M< I M1I (46a) 
= M - K 	(8e 2 ap 2 .10 11s (1 -M 2 /2/0 1/4 , M>IM/ 1. 	(46b) 
Eq. (46) will give the phase space for forming a diatomic 
with a given rotational angular momentum M. Integrating 
over m then gives the phase space for a given product state 
containing a diatomic molecule and a free particle 
M2 
ri(m1,m2,K,c) 	( 8e a cip a o I/4 	 ( -2 - M /2/0 1/4 dM 
1M1 1 
[Kin' + 2 M1 2] H(-/4 1 ) 	[KM2 2 - Z m2 2]s(K_m2 ) 











The total phase space is obtained by summing ri over all 
product states, electronic and vibrational. However, Eq. 
(47) includes the phase space available for rotational dis-
sociation, Eq. (40). Writing m3 = (2/D v i )v2 , we have for 
the phase space containing a stable diatomic in channel i 
and vibrational state v i 
r i ( Et ,K,vi ) = ren,M2 ,K,E)H(M 3 -M 2 ) + 
ri(M1 ,1Y3,11,011(M 3 -1M1 1)H(M 2 -M3 ) + 
[2(KM3 -1( 2 )H(M3-10 + 143 2 H(K-M3 )) x 
11(-M1 )17(1M1 1-M3 ); 
	
(48) 
and the phase space for three-body breakup from vibrational 
state v. is 
r i (m1 ,m2,x,c) - r.(Eto' K v.) t 	 • 
	 (4 9) 
Eq. (48) gives the phase space for a product channel 
containing a diatomic and a free particle, and by summimg 
Eq. (49) over all product vibrational states we obtain the 
phase space for dissociation of a particular diatomic specie. 
Thus, using Eqs. (27) and (29) we are able to obtain the 
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cross sections for production of a given product state, given 
the total energy and angular momentum. To simplify the cal-
culation, we assume that the initial rotational energy and 
rotational angular momentum are negligible compared to the 
total energy and total angular momentum. This assumption 
allows us to take K 2 = L 2o = 211Etr°b2.2 where b is reactant 
impact parameter, and a is the reduced mass in the incoming 
channel. The total cross section for a given channel re-
quires summation over initial and final vibrational states; 
	
°tot" ) = / W( vo ) ia(Etrii,vi). 	 (50) 
vo 	vi 
where W(V ) is the probability that the initial vibrational 
state was v . 
Our calculations make use of spectroscopic data avail-
able in the literature on the atomic and molecular properties. 
Relevant data for the systems investigated in this work are 
given in Appendix A. The vibrational energies of the diatomic 
species in channel i are given by (27) 
Ev = (V+ ) we (i)- (v44) 2 wexe (i), 	 (51) 
and dissociation energies are given as 
D
i 
= D - E 
0 	V ' 
(52) 
The moment of inertia of the diatomic, I = pr
eq
2 , in a given 








r and r are obtained from a Morse potential function (27) 
Ulr - re ) = De ll - exp [ - f3(29 -re )]) 	 (54) 
where a is given by we (2ruo/Deh) 1/2 (27). Solving Eq. (54) 
for r gives 
 
rg = re - 0 - 2.11 [+(Ev
i  /De ) 1/2 - 1]. 
	 (55) 
The values of internuclear separation from Eq. (53) are in 
approximate agreement with those obtained from more accurate 
RKR curves. 
The calculations were performed on a UNIVAC 1108 com-
puter. Appendix B gives an outline of the computer cal-
culation used in the following sections. We have selected 
systems to allow a thorough testing of the phase space model 
as a viable model for predicting the outcome of gas-phase 
reactions. The possibilities included are charge transfer, 
dissociative charge transfer, collision induced dissociation, 
rearrangement, and distribution of internal vibrational and 
rotational energy. Also, calculations were performed for 
those systems for which experimental data were available 
with which to compare results of the calculations. 
CHAPTER III 
CHARGE TRANSFER AND DISSOCIATIVE CHARGE TRANSFER REACTIONS 
OF RARE GAS IONS WITH NITROGEN 
In this chapter we compare experimental reaction cross 
sections for reactions of rare gas ions with nitrogen with 
those predicted using phase space arguments. Since recombina-
tion energies of reactant rare gas ions vary from 13.99 to 
24.58 eV, one might hope to examine the mixing" of energet-
ically accessible N 2 + electronic states at low relative veloc-
ities and the effect of increasing translational energy on 
various reaction channels. We observe that those product 
states which are most energetically favorable may not be 
the experimentally preferred. product. In these cases it is 
necessary to make some a priori assumptions as to allowed 
products. Calculated product energy distributions are com-
pared with those obtained from experimental product kinetic 
energies measured at specified scattering angles and with 
the internal energy distributions estimated from measurements 
of radiation intensity from spontaneous decay of electron-
ically excited reaction products. Table 1 shows the exother-
micities for the various reaction channels calculated from 
the data in Appendix A. 
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Table 1: Energetics of Rare Gas Ion-Nitrogen Reaction (in eV) 
Reactant 
Ion N2 4- (X 2 E 
Product Ion 
) 	N2+  (C L u ) N + ( 3 P) ) 	 N 2 + (A 2 w 2.1 ) # (B N 2 	2 E 
He + ( 2 S) 9.004 7.887 5.887 1.005 0.280 
Ne 4 ( 2 P3/2 ) 5.983 4.866 2.814 -2.016 -2.741 
Ne # ( 2 P1 /2) 6.080 4.963 2.911 - 1.919 - 2.644 
Ar+ ( 2 P3/2) 0.179 -0.938 -2.990 -7.820 -8.545 
Ar4. ( 2 P 1 /2 ) 0.357 -0.760 -2.812 -7.642 -8.367 
Kr* ( 2 P3/2) -1.530 -2.697 -4.749 -9.579 -10.304 
Kr+( 2P1/2) -0.914 -2.031 -4.083 -8.913 -9.638 
26 
He+ + N2  
N2
+ 
and N + are formed by charge transfer and disso-
ciative charge transfer processes respectively. For the 
He + + N 2 reaction the various channels of reaction are 
He .1 ( 2 S) + N2(X 1 E gi v = 0) 
He( 1 S) + N2+ 	(X 2 E g,v') (56a) 
He( 1 S) + N 2 + 	(A 2 Tr u,v i ) (56b) 
He( 1 S) + N2+ 	(B2 E u ,v 1 ) (56c) 
He( 1 S) + N 2 + 	(C 2 E u ,v 1 ) (56d) 
He( 1 S) + N( 4 S) + N+ ( 3 P) (56e) 
He + ( 2S) + N2 (X 1 E 9, vs) (56f) 
and cross sections obtained are given in Fig. 1. The dashed 
line is the Langevin total cross section calculated from the 
ion-induced dipole potential and the dot-dash curve is that 
calculated for dissociative N + reactions. 	Individual molec- 
ular charge transfer channels are given by solid curves. 
Results in Fig. 1 have been obtained under the assumption 
that mixing of various states occurs in the collision with 
the consequence that all final states are statistically 
available. However, it is possible that certain electronic 
states do not mix and are preferentially formed due to con-
ditions such as spin conservation not strictly included in 
the simple phase space treatment. If one N2+ product state 
I 	1 ".* .<1 	' 	I 	' 	1 	"I'l 	I 	I 	' 	I I I 1 ii 	I 	I 	I 	II I .2_ _ 
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Figure 1. Cross Section for Production of N 2 + Assuming Complete Mixing of 
Product States. (The dashed curve is the cross section for formation 
of the complex, and the solid lines are the calculated cross sections 
for the indicated electronic state.) 
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is considered dominant in the interaction, the curves in Fig. 
2 are obtained from the phase space calculations. For exam-
ple, the curve labeled C is obtained when the N 2 4- (C 2 E u,v') 
state is considered to predominate over transitions forming 
ions in the X, A, and B states. When only one N 2 + electronic 
state is preferentially formed, the cross sections are simi-
lar which renders determination of the dominant state dif-
ficult when comparing theory and experiment. For clarity 
the cross sections presented in Figs. 1 and 2 are summed 
over all vibrational levels in each electronic state. Typ-
ical cross sections for individual vibrational channels of 
reaction are given for the C state in Fig. 3. The phase 
space model applied to this reaction predicts N2 + ions 
formed with high vibrational excitation; however, the v = 0 
cross section predominates at all energies. A summary of 
experimental cross sections (28-40) for N2 + formation as a 
function of He LAB kinetic energy is given in Fig. 4. 
The lowest energy point was obtained from total rate con-
stants (29-31,33-38) with the assumption that the N + to N2+ 
 abundance at thermal energies is 58 per cent to 42 per cent 
respectively (32,36,37). The solid curve is the total N 2 4 
 cross section calculated by assuming the c2 E u product stat  
dominant. 
Experimental data (28,40-42) for the competitive N + 
 reaction channel are presented in Fig. 5. The data of Ref. 
0.1 	0.5 	1.0 	5.0 	10 
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Figure 2. Cross Section for the Production of 11, 4. Calculated as a Function of 
He Kinetic Energy with no Mixing of Product States. 
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Figure 4. Calculated Cross Section for Formation of N2 + (C 2 E u ) as a Function of 
He Kinetic Energy. (The dashed curve is the total cross section for 
formation of the complex, the data points are from Ref. (28) C); 
Ref. (40) 0; Ref. (39) &; Ref. (32) •; Ref. (29-36) •• represents 
the average of the thermal data.) 
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Figure 5. Cross Section for Formation of N + as a Function of He + Kinetic Energy. 
(The data points are: 	Ref. (28) 0; Ref. (41) • ; Ref. (40) 0; 
Ref. (39) A; Ref. (42) • ; Ref. (29 - 36) 	renresents the average 
of the thermal data. 
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(40) has been normalized to the N 4 data of Maier (28) and 
Moran and Friedman (41) to obtain absolute cross sections. 
Spectroscopic investigation (31,43,44) of the products of 
He
+ 
- N2 charge transfer reactions have shown that the sec-
ond negative band system corresponding to the transitions 
N 24 (C 2 E uv = v') 	N2 + (X2 E v = v") + hv 
	
(57) 
are particularly intense indicating that Ne(c 2 E u ) is the 
primary charge transfer product state. Additional evidence 
that Eq. (56d) ts the main reaction channel has been obtained 
by Champion and Doverspike (45) using ion beam techniques. 
They find that N 2 4 product ion kinetic energies are consist-
ent with the formation of C state ions which are energet-
ically close to the recombination energy of He. Carroll 
(43) has shown that a predissociation process occurs to form 
N
+ 
and N via the reactions 
N 2 (C 2 E u ) 	N( 4 S) + N4 ( 3 P). (5 8) 
Due to the facts that Inn (31) has shown that the molecular 
charge transfer favors high rotational states, and high rota-
tional states of the v=2 level in the C state are slightly 
above the X state dissociation limit (46), and spontaneous 
radiative transitions from the v=2 level are not observed 
(43); we have considered all the N2 4- (c2 E u,v=2) ions to predis-
sociate, forming N 4 . It is estimated that spontaneous 
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radiative transitions and predissociation processes, Eqs. 
(57) and (58) respectively, occur with equal probability for 
the v=3 to 6 levels (31,37,43,44); and we have accordingly 
assumed that one half of the N
2 ions in these levels pre-
dissociate, Eq. (58). At approximately 4eV He kinetic 
energy the phase space model predicts the appearance of 
N#( 3 P) and N( 2 D) from dissociation of N 2 +(c 2 E u ) ions formed 
with internal energies in excess of the dissociation limit. 
The N + cross section calculated from phase space theory as-
suming both predissociation and direct dissociation of 
N 2 (C
2 E u ) ions ls presented in Fig. 5 for comparison with 
experimental data. Although there is only approximate accord 
between the magnitude of the calculated and experimental 
cross sections, the energy dependences of the cross sections 
predicted by the phase space model are in reasonable agree-
ment with experiment. It should be remembered that the ion- 
induced dipole potential has been considered rather than a 
more accurate quantum mechanical potential (24). 
Schmeltekopf et al. (37) have examined the role of 
reactant internal state preparation on the reaction mechanism 
by changing the N 2 (x 1 E g ,v) vibrational temperature. In-
creasing the internal vibrational energy of N 2 has been shown 
to enhance the production of e. Fig. 6 displays their ex-
perimental N+/(N2 + + N+) product ion ratios as a function of 
reactant molecule vibrational temperature. In order to com- 
0.8 
N+ 
- - 	I 
ty + ry 2 
0.7 
2000 	4000 	6000 
N2 VIBRATIONAL TEMPERATURE °K 
Figure 6. N + /(N + + N2 + ) Product Ion Ratios Given as a Function of Reactant N2 
Vibrational Temperature. (The data are from Ref. (37) and the solid 
line is the calculated ratio.) 	 (.4 tr, 
0.6 
Y = {(m1m3/m2m4 ) [E/(E+AE)3} 4 
where E is the center-of-mass energy and AE is the energy 
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pare the phase space results with their experiments, we have 
estimated the vibrational population distribution of the 
N2(x l E g,v) molecules at the various temperatures from the 
relation (27) 
Nv/N6 = exp (-Go (v)hc/kT) 	 -(59) 
using vibrational term values given by Wallace (48). These 
initial N2 distributions were then used in the phase space 
model. The results of this calculation were normalized to 
the data of Ref. (37) and are shown as the solid line in Fig. 
6. The agreement between the two tends to support the appli-
cation of the theoretical model to these ion-molecule reac-
tions but does not unambiguously identify the C state as the 
important product ion state in He + - N 2 interactions. 
Champion and Doverspike (45) have measured product ion ki-
netic energy distributions at specified scattering angles 
for this reaction. They have shown that the kinetic energy 
of a product ion, M3 , appearing at a given LAB scattering 
angle 0 for a given LAB collision energy, E 1 , is given by 
E3 = [M1M3/(M1+M2)2] {cos 8 t [(1/y 2 ) - sin 2 0] 1/2 } 2 E 1• (60) 
where M1 is the mass of the incident ion and M2 that of the 
incident neutral. y is given by the relation 
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defect of the reaction. Their experimental data (44) ob-
tained at 0 = 0° for 6.24eV He ions are given in Fig. 7. 
Relative vibrational level populations of ions in the 
N 2 + (C 2 E ) state, (Fig. 3), have been taken to be represent-
ative of vibrational population in the center of mass frame; 
and product ion kinetic energy distributions in the LAB sys-
tem were constructed using Eqs. (60) and (61). The corre-
lation between the experimental and theoretical N2 + kinetic 
energy distributions, which have been corrected for the in-
cident He + kinetic energy distribution, provide rather clear 
cut evidence that the C 2 E u state is the important N 2 + final 
state. The le product ion kinetic energy distribution from 
the breakup process has been estimated using the aforemen-
tioned two-step predissociation mechanism in which 
N 2 4. (C 2 E
u
,vt = 2-6) ions are first formed, and then a fraction 
dissociate in a two body process. The agreement observed in 
Fig. 7 gives credibility to the model and the use of the 
phase space treatment to predict product vibrational dis-
tributions. 
It has been estimated (37) that the fraction of molec-
ular charge transfer processes that populate the N2 4. (B 2 E u ) 
state is less than 5 per cent. The lifetime of the B state 
with respect to spontaneous radiative transitions is 6 X 10 -8 
 seconds, a time period short with respect to collisional 
deactivation. Thus, emitted light can be used to examine 
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Figure 7. Kinetic Energy Distribution for the He + N 2 Reactions Involving 
6.24 eV He+. (The data are from Ref. (45) and the solid curves are 
the calculated product ion relative intensities.) 
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vibrational energy content of N 2 + product ions in this state. 
The intensity of radiation from N 2 4. (B 2 E u ,v') 	N24- (X 2 E v") 
transitions measured by Schmeltekopf et al. (37) is given in 
Table 2 along with the normalized calculated intensities. 
The latter have been obtained from cross sections computed 
from phase space theory and weighted by the respective Franck-
Condon factors (49,50) for the B 	X transitions. As the 
reactant N2 vibrational temperature is altered from 300° to 
4000°, no appreciable change in relative transition intensity 
is observed (37); and the normalized calculated intensities 
remain constant over this temperature change. The compet-
itive inelastic scattering channels corresponding to vibra-
tional excitation of the target molecules are predicted to 
occur simultaneously with the charge transfer reaction and 
are presented on Fig. 8. As previously noted, the least 
endoergic channels of reaction are statistically favored over 
the range of ion kinetic energies. 
Ne + + N2 
Cross sections for individual N2 + and re product chan-
nels in the NO' - N2 interactions have been calculated for 
a series of reaction possibilities analogous to the He reac-
tions, Eq. (56). The computed cross sections are displayed 
in Fig. 9 where large X, A, B, and C letters refer to cross 
sections calculated for respective electronic states of the 
product N2 4. ions. Curves in Fig. 9 were calculated by 
Table 2: Relative Transition Probabilities for N2
+ 
First Negative Transitions 
N 2 ÷ (B 2 E ,vt) + N 2 4- (X 2 E ,v") + hv 
for B state inns formed in the ion molecule reaction 
He+ + N 2 (X 1 E ,v) 	+ N 2 4- (B 2 E u' 
Transition Cross Section 	for 
forming N 2 4- (B 2 E u,v 1 ) 







v' + v" Tv = 300° 4000° 300° 4000° 
0 + 1 4.64 6.04 .2821 29.0 28.7 18 
1 + 2 4.54 5.92 .3128 31.6 31.6 33 
2 + 3 4.43 5.80 .2448 24.1 24.1 28 
3 + 4 4.33 5.68 .1603 15.3 15.5 21 
T1-1-1° 
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Figure 8. Vibration Distributions Calculated for the 
Inelastic Scattering Channels in H e + - 
Interactions as a Function of He + Kinetic 
Energy. 
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Figure 9. Cross Section for Production of N 2+ Calculated as a Function of 
Ne + Kinetic Energy Assuming Complete Mixing of Product States. 
(The dashed line is the cross section for formation of the complex, 
and the solid lines are calculated cross sections for the indicated 	IN) 
electronic state.) 
50 100 200 
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assuming that all electronic states "mix" and the cross sec-
tions can be calculated statistically. The alternate point 
of view adopted in He - N 2 interaction involves the assump-
tion that only one product state is available. 	If a similar 
assumption is adopted for Ne + - N2 reactions, then the cross 
sections for N2 +  formation given in Fig. 10 result. For 
example, the curve labeled X is computed by considering the 
X electronic state the only accessible electronic state for 
product N2+ . Also shown in this graph is the experimental 
upper limit reported by Hemsworth et al. (51). If one con-
siders the X, A, or B electronic states as statistically 
possible products, then the calculated cross section shown 
in Fig. 10 is in disagreement with experimental data. This 
small cross section at low kinetic energies is consistent 
with formation of N 24"(c 2 E u ,v') ions as the only allowed 
product ion state. Evidence has been given in the He + - N2 
case that the N 2# (C 2 Ev) state predissociates; and we have 
accordingly taken all the v'=2 and one half of the ions in 
the v'=3, 4, 5, and 6 levels to predissociate giving N + 
which results in the irregular structure of the C state 
curve given in Fig. 10. 
Dissociative reactions producing N + are given in Fig. 
11 where the experimental data of Maier (52) and Schlumbohm 
(53) are given as the open and closed circles respectively, 
and the curves are the cross sections calculated 
Ne
+ 
+ N 2 (X I I v= 0) —> Ne + N 2 (X, A, B, C) 
0 ' 
EXPERIMENTAL 
1-1 UPPER LIMIT X 
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Figure 10. Cross Section for Production of N2 + Calculated as a Function of Ne +  Kinetic Energy. (The experimental upper limit is given by 
Ref. (51).) 
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statistically. 	The closed points (53) in Fig. 11 represent 
total ion production and, thus, are the upper limit to the 
dissociative cross sections since the N2 + channel of reac-
tion is included. Curves labeled X and B are those calcu-
lated under the assumption that N + results from dissociation 
of X 2 E and B2E14 states respectively. The calculated result 
for dissociation from the ,4 2 7r state is not presented in the 
figure since it is essentially the same as the X curve. The 
dashed line is that calculated for C state dissociation to 
its asymptotic limit giving rise to excited N atoms. The 
solid curve labeled C is that calculated by assuming the pre-
dissociation mechanism of the C state ions to form N + in 
addition to the N + ions formed from the direct dissociation 
of C state ions. This composite curve is in reasonable agree-
ment with the experimental data. Additional evidence for C 
state formation is given in Fig, 12 where data of Champion 
and Doverspike (45) are presented. The dashed curve gives 
the distribution of reactant 5.5eV He ions, and the closed 
and open circles are the kinetic energy distributions measured 
for N 2 +  and N
+ respectively. Solid curves are those calcu-
lated using Eqs. (60) and (i51) along with vibrational dis-
tributions from phase space theory. The two peaked structure 
calculated for N2 + product ions is not as pronounced in the 
experimental data which would possibly indicate that not all 
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Figure 12. Kinetic Energy Distribution for the Ne + - N9 Interaction Involving 
5.5 eV Ne + Ions. 	(The data are from Ref. (45), and the solid lines 
are the calculated distributions.) 
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product ion distribution has been estimated from the pre-
viously proposed two-step mechanism in which atomic ions 
are considered to result from a two body breakup process of 
the molecular ion. The breakup process leads to N + from 
both the predissociation and direct dissociation of N2 + (C 2 E u ) 
ions, and there is good agreement between calculated and 
experimental kinetic energy distributions. 
However, the N 2 + points in Fig. 12 between 4.0 - 4.5 
eV are slightly above background and suggest the possibility 
that a small amount of N 2 +(s 2 E
u
) ions are formed in the 
Ne+ - N2 interactions. Schlumbohm (54) has measured light 
emitted from N2f (B 2 Eu, v') ions which result from 200 eV 
Ne +  - N2 ion-molecule reactions. The spectral distribution 
of light emitted in spontaneous B 	X transitions is given 
in Fig. 13 as the solid curve. 	Individual vibrational tran- 
sitions cannot be completely resolved due to experimental 
resolution limitations; however, transitions corresponding 
to changes in vibrational quantum number of fit, 121, etc. 
can be clearly seen. Initial preparation of the N 2+ (B 2 E 24 ) 
in various vibrational levels has been calculated from the 
phase space model. The emitted light intensity has been 
computed from this phase space vibrational distribution and 
the Franck-Condon factors (50) for the respective transitions. 
The wavelengths for the individual vibrational transitions 
have been taken from the tabulation of Wallace (48), and 
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each of the calculated spectral lines has been broadened to 
match the resolution of the experimental apparatus so that a 
direct comparison can be made between theory and experiment. 
Again, the phase space model successfully predicts the inter-
nal energy distributions of product species once the elec-
tronic state of the product is established. 
Ar+ + N2 
Cross sections for molecular ion formation in Ar + - N2 
interactions are given in Fig. 14 where the solid curves are 
calculated using the phase space model. The X, A, B, and C 
designations refer to electronic states of the N2 + product 
ions. The dashed curve is the Langevin cross section while 
the dot-dot-dash and dot-dash curves are the experimental 
cross sections of Refs. (42) and (56) respectively. Agree-
ment between different laboratories is not particularly good; 
however, it is apparent that the experimental cross sections 
are less than 10 1 2 at low kinetic energies. This reaction 
is different from those discussed previously in that the 
N 2
+ (X 2 E v') electronic state is the only energetically al-
lowed product ion state at low kinetic energies. The sep-
aration between the 2 P3/2 and 2 P1/2 configuration of the 
reactant ions is sufficient to alter the energy defect of 
the respective reactions and the corresponding cross sections 
as calculated by the phase space methodology. The cross sec-
tions have been calculated separately and averaged by the 
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Figure 14. Cross Section for the Production of Ni f in the Various Electronic 
States as a Function of Ar + Kinetic Energy. (The data are from: 
Ref. (57) C); Ref. (58) • ; Ref. (39) El; Ref. (55) A; Ref. (56) 
the dash-dot-dash curve; and Ref. (42) the dash-dot-dot-dash curve.) 
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statistical weights of the Ar+ spin states so that 
a = 1/3 a(Ar+, J=1/2)+ 2/3 a(Ar+, J=3/2) 	(62) 
In addition to the channels of reaction analagous to those 
in Eq. (56) it is necessary to also include de-excitation 
channels of the type 
Ar+ ( 2 P 1 /2 ) + N 2 (X 1 E v v) 4- Ar4- ( 2 P3/2 ) + N (X l E g,v') (63) 
as well as the corresponding excitation channels in our over-
all set of reaction possibilities. The calculated curves 
have taken these interactions into account, but the measured 
cross section in Fig. 14 is significantly lower than that 
calculated for formation of N 2 4- (x 2 E ,v , ) state ions. It 
appears that only a fraction of collisions that are statis-
tically calculated result in product N 2 4"(x 2 Ev v , ) ions. A 
crude estimate of the degree of state mixing is obtained by 
arbitrarily fixing the relative fraction of collisions that 
lead to a given electronic state. The solid curve passing 
through the A point is calculated by assuming that the frac-
tion of collisions that lead to N 2
+ 
ions in the X, A, and B 
states is 0.10, 0.45, 0.45 respectively and independent of 
Ar + kinetic energy. The cross section calculated for the 
dissociative reaction using the above weighing factors for 
the X, A, and B electronic states is given as the solid curve 
in Fig. 15. Since they lead to the same dissociation asymp- 
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Figure 15. Cross Section for the Dissociative e Reaction 
Channel as a Function of Ar+ Kinetic Energy. 
(The data are from Ref. (57) C); Ref. (59), the 
dashed line; and Ref. (52), the dot-dash line.) 
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calculated from these states. Thus, the dissociative channel 
is not a particularly sensitive probe to determine the mix-
ing of molecular ion states; however, it is this insensitiv-
ity that allows dissociative cross sections to be calculated 
rather accurately via phase space theory. N2 + product ion 
kinetic energy distributions, given in Fig. 16 for 0° scat-
tering, provide additional information on this reaction. 
The open circles are data points of Ref. (45) and the solid 
curve is calculated using product state distributions calcu-
lated statistically. The kinetic energy spread of reactant 
Ar+ ions has been folded into the calculated distributions 
resulting in a rather broad undefined spectrum in agreement 
with experimental data. This calculated curve is obtained 
by considering the N 2+ ( X 2 E 9,,v 1 ) and N 2 + (A 2 7r u'  vt) states mix 
statistically whereas the total cross sections indicate that 
the X state has a relatively minor contribution at low kinet-
ic energy. This would be consistent with either completely 
different angular distributions for the X and A states, or 
mixing of the two states that is dependent on the reactant 
ion kinetic energy. 
Kr+ + N2 
The cross sections for formation of N2 + product ions 
are given in Fig. 17 as a function of kinetic energy. All 
reaction channels leading to N2 + and N + are endoergic except 
those corresponding to de-excitation Kr# 	 2p3/12) 
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Figure 16. Kinetic Energy Distribution of N2 + Ions Formed in Ar -N2 Interactions 
Involving 5.1 eV Ar+ Reactant Ions. (The data points are from 
Ref. (45).) 
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Figure 17. Cross Section for the Production of N 2 + in the Various Electronic 
States as a Function of Kr+ Kinetic Energy. (The data points are 





processes with the result that small cross sections are pre-
dicted by the phase space treatment. Calculated curves in 
Fig. 17 have been weighted to account for the respective Kr + 
 spin states. The data points of Galli et al. (57) given in 
this graph were measured using an experimental arrangement 
in which product ions were collected in a direction transverse 
to the reactant ion beam via an electrostatic repeller field. 
Since the collection efficiency of this arrangement need not 
be complete and will depend on the angular distribution of 
products, these points represent a possible lower limit to 
the total cross section. As shown in Fig. 17, reasonable 
agreement exists between experiment and the predictions of 
the statistical phase space model. 
Summary  
Examination of the reactions of inert gas ions with 
nitrogen has shown that the phase space model gives excellent 
agreement with observed measurements of the energy dependence 
of cross sections, as long as the product state is specified. 
The main feature missing in the formulation of the model is 
that there is no mechanism for discriminating between statis-
tically available product electronic states, even though some 
states are not allowed and; therefore, are not observed ex-
perimentally. However, by making a priori restrictions on 
the allowed product electronic states, either using experi-
mental observation or by correlating the states of the 
58 
complex with the electronic states of reactants and products, 
we find the agreement with experiment is satisfactory. In 
many cases certain product states are forbidden due to spin 
and/or symmetry effects (see Chapter V). In Chapter VII we 
consider the case of He + N 2° Calculation of the potential 
energy of the complex and correlating the lowest state of 
the complex with the electronic states of the reactants and 
products shows that the Np -1- (C 2 E u) state would be formed 
preferentially. 
Once the product state is specified, the threshold 
and energy dependence of cross section is in good agreement 
with observed behavior. The dissociation process can be 
well represented in any case since the dissociation asymptote 
for all states is the same. Also, the phase space model suc-
cessfully predicts vibrational population of a given product 
state as shown by comparison with observed kinetic energy 
distributions of product ions and with observed relative 
radiative intensities. 
The model also indicates the correct dependence on 
initial internal energy. This dependence and the success of 
the model for dissociative charge transfer lead us to next 
consider the collision induced dissociation of excited 0 2+ 
 and NO+ . These reactions offer the opportunity to examine
fully the function of incident internal energy on thresholds 
and magnitudes of the cross section. 
CHAPTER IV 
COLLISION INDUCED DISSOCIATION OF EXCITED 0 2 + 
 AND NO IONS 
In the previous section it was observed that the 
phase space model gave good results for dissociative charge 
transfer processes for inert gases on N2. With this success 
we have compared calculated cross sections for production of 
0+ and N+ from collision induced dissociation of 0 2 + and NO 
with experimental results of Tiernan and Marcotte (63). 
Using a tandom beam type (double stage) mass spectrometric 
apparatus with in-line geometry, they have examined the ener-
getic thresholds and energy dependence of the cross section 
for the dissociative channels of reaction of 02 + and NO + ions 
with argon and neon atoms. They have shown that the cross 
section for this process depends strongly on the energy of 
the electrons producing the reactant ions. Since the energy 
of the ionizing electrons can effect the ion internal energy 
distribution in a calculable manner, one may estimate the 
population distribution of reactants in the various electron-
ic and vibrational states and thus examine the participation 
of these degrees of freedom in the dissociative reaction 
pathway. Also, for NO+ we can examine the competing N+ and 
0+ product channels. 
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Other experiments on dissociative ion-molecule reac- 
tions using a Cermak-Herman (60) type method showed efficient 
conversion of kinetic energy in the collision process (64); 
however, distinct separation of reactant ion translational 
and internal energy was difficult. Beam experiments (62) 
above 100 eV LAB kinetic energy using ground state reactant 
ions have shown that the most probable dissociation events 
in the reaction of diatomic ions with helium atoms product 
fragment ions with velocity approximating that of the origin 
nal projectile ions. From this work (62) it was concluded 
that a stripping type model adequately describes the angular 
and velocity distributions of the reaction products. In 
this chapter we examine the applicability of the phase space 
model to the collision induced dissociation processes. 
Collision Induced Dissociation of 02 +  
The various reaction channels for the interaction of 
02+ ions with Ar atoms are 
02# (X2 ngsv) 	Ar 
02# (1 2 1T g I v t ) 	Ar (64a) 
0 2 #(11. 2 7
u
,v') 	+ Ar (64b) 
02(x3 E g,0) + (64c) 
0( 3 P) + 0( 3 P) + Ar+ (64d) 
0#( 4S) + O( 3P) + Ar (64e) 
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The cross section for the dissociative channel of reaction 
Eq. (64e) has been calculated from phase space theory, and 
the results for the lower vibrational levels of the 
02 4. (X 2 w9, v) reactant ions are given by the dashed lines in 
Fig. 18. The points in Fig. 18 are those of Tiernan and 
Marcotte (63) for reactant ions produced by 13 eV electrons. 
Although the shape of the calculated cross section curves 
for individual vibrational levels are similar above 12 eV 
ion center of mass kinetic energy, they differ near the 
threshold kinetic energy. A comparison between theory and 
experiment should consider the vibrational population dis-
tribution in the reactant ion beam. We have estimated this 
distribution from Franck-Condon factors (64-66) for 
0 2 (X 3 E g,v=0) -0- 02+(x 2 w9s v) transitions with the assumption 
that the cross section for electron-molecule ionizing colli-
sion is linear (67) with (EE-Elp), where EE is the electron 
energy and Eip is the minimum energy required to form ions 
in vibrational level v. Measurements of the probability for 
low energy electron impace ionization (68,69) and photoioni- 
zation (70) are in agreement with those calculated from these 
Franck-Condon factors. Experimental data (71) has been ob-
tained which show autoionization processes can also occur. 
Rydberg levels of 02 are known (72) and observed in optical 
adsorption experiments (73), high energy electron scattering 
(74), and photoionization measurements (75,76). The main con-
tribution of these autoionizing levels appears to be above 
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Figure 18. Cross Section for 0 + Production in 02 + 	Ar Interactions as a 
Function of Ion Center of Mass Kinetic Energy. (The data points are 
from Ref. (63) for 0 2+ ions formed in 13 eV electron impact 
ionization (left ordinate scale). The dashed curves (left ordinate 
scale) are cross sections calculated for the various 02 + vibrational 




13 volts energy (77), and one would expect the calculated 
0 2 (x 3 E g,v=0) 4- 0 2 + (X2 w g,v=0,1,2,3) Franck - Condon factors to 
give a reasonable 0 2÷(X 2 w
g
) vibrational distribution for 13 
eV electron impact ionization. The vibrational composition 
of the reactant 02+(x 2 irg) ion beam computed in this manner 
has been used to weight the cross section for the collision-
induced dissociation reaction calculated by the phase space 
model. This computed cross section is given by the solid 
curve in Fig. 18. 	In this figure the left hand ordinate 
scale pertains to the experimental points while the right 
hand ordinate is that for the calculated cross sections. 
Although there is a discrepancy between the absolute magni-
tude of the calculated and observed cross sections, the shape 
and energetic threshold of the cross section computed by the 
phase space treatment agrees with measurements of Tiernan 
and Marcotte (63). This agreement supports the application 
of the phase space model to dissociative reactions in which 
there is an effective conversion of translational energy. 
The participation of reactant ion internal excitation 
energy in this type of collision has been examined experi-
mentally (63) by increasing the energy of electrons that 
produce reactant 02 + ions. It is known that electronically 
excited eiru' A2.1t u'  b "Eg  and 2 E states are produced in high 
energy electron impact ionization of 02. From observed tran-
sition moments (73-80) the relative populations of the various 
64 
02+ states are: 0.24, X 2 n9; 0.07, a 4 wu ; 0.29, A 2 It u ; 0.26, 
b 4 E g; and 0.14, 2 E g . Radiative transitions have been ob- 
served between the 2E 	A 2 IT . A2„ 	v2— and b 2 E 9  - n u A W 	 0- evu g ^ 24' 
states in time periods short compared with transit times for 
reactant ions to reach the collision region with the result 
that the enu and x2 n states are important for reaction 
(80). From the above estimates of initial state populations 
and radiative processes that occur prior to reaction, it is 
estimated that 33 per cent of the 02 + reactant ion beam is 
in the long lived enu state (78-80). The vibrational dis-
tributions of 0
2 4' reactant ions in both the X 2 w and enu 
 states have been calculated from Franck-Condon factors for 
direct electron impact ionization processes (64-66) weighted 
by respective transition moments and the Franck-Condon fac-
tors for the consequent spontaneous radiative processes 
(64,81). These internal state distributions, which have been 
calculated as a function of ionizing electron energy, have 
been used to weight the dissociative reaction cross sections 
calculated via the statistical phase space model. The proc-
esses considered for the electronically excited 02+ (enu,v) 
ions are 
02+ (a 4 n 	) + Ar 
-------* 
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0 24 (a 4 I
u
,v 1 ) 	+ Ar (65a) 
02+(b 4 E g,v , ) 	Ar (65b) 
02(X 3 E g,v') 	Ara+ (65c) 
0( 3 P) 	+ 0( 3 P) 	+ (65d) 
0 4- ( 4 .9) 	+ 0( 3 P) 	+ Ar (65e) 
0÷ ( 4 S) + 0( 1 D) 	+ Ar. (65f) 
Total cross sections for dissociative channels leading to 0 + 
product ions are presented in Fig. 19 as a function of ion 
center of mass kinetic energy and compared with the experi-
mental data of Tiernan and Marcotte (63). As shown in this 
figure, there is reasonably good agreement between calculated 
and measured dependences of the dissociative cross sections 
with reactant ion kinetic energy. The absolute magnitude of 
the computed cross sections (scale on the right of Fig. 19) 
is larger than those measured; however, the collection effi-
ciency of the in-line configuration in the analyzing mass 
spectrometer is difficult to determine and the absolute 
values of the experimental cross sections are reported to be 
the order of ±100 per cent (63). Experimental data in Fig. 
19 show dissociative processes are possible below 3 eV ion 
kinetic energy whereas the calculated cross sections are 
small and approaching zero. If higher 02+ vibrational levels 
Figure 19. Cross Section for- 4. 0+ Production in 02 + - Ar 
Collisions for 0 	Reactant Ions Formed in 24 
and 50 Volt Electron Impact Ionization. (The 
data points are from Ref. (63), and the solid 
lines, are the calculated cross sections. The 
dashed line is that calculated for 0 2+ (a'Tr u ) 
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are populated in electron impact ionization than are esti-
mated from the direct ionization processes considered here, 
then dissociative ion-molecule reactions computed from the 
phase space model would extend to lower ion kinetic energies. 
The dashed curve in Fig. 19 is that estimated for ions in the 
02 (a 4 W
uJ
V) 	Ar reactions. 
A further comparison between the statistical phase 
space model and experiment (63) is given in Fig. 20 for elec-
tronically excited 02+ + Ne dissociative reactions. Computed 
cross sections in Fig. 20 involving reactions of oe(a 4 7T 24 ,v) 
ions with Ne have been multiplied by 0.33 so that comparison 
can be made with the composite curves previously presented. 
As shown in Fig. 20, the experimental data for reactions of 
electronically excited ions are in harmony with participation 
of internal excitation energy in the dissociative reaction 
pathways as computed by the statistical phase space model. 
Collision Induced Dissociation  of NO + 
The effect of electronic and vibrational energy on 
collision-induced reactions has been examined for reactions 
of NO ions. This is a particularly fruitful system for 
study since there is evidence (78,80,82) for long lived ionic 
states in the electron impact ionization of NO and relative 
abundance of these long lived states have been estimated 
(78,80,82) to comprise 28 to 45 per cent of the total number 
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Figure 20. Cross Section for 0 + Production in 0 74- * - Ne Interactions. (The 
data are from Ref. (63) (left ordinate scale).) 
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ionization. The potential energy curves (46,83,84) for the 
ground and electronically excited NO+ states have been com-
puted from spectroscopic (46) constants and data taken from 
photoelectron experiments (83,84). The NO + triplet states 
are spin forbidden to convert to the No+(x t E,v) ground state 
via radiative transitions and these states can be considered 
long lived for ion-molecule reactions. The relative proba- 
bilities 	for populating N0 	states 	are taken 	to 	be 	(78): 
0.56, 	X 1 E; 0.32, 3 A 	and 	close 	triplet 	levels; 	0.12, 	A l w. Vi- 
brational distributions within the X and A states formed in 
the direct ionization processes have been taken from tabu-
lated (65) Franck-Condon factors. Estimation of the similar 
distributions for the NO#( 3 A) state is approximate since 
spectroscopic parameters are not known. We have assumed r e 
 to be 1.225K, and taken we to be approximately 1600 cm -1 , 
and estimated w exe from the relation D o = we 2 /4wexe (27). 
Morse anharmon c oscillator wavefunctions (64) were con- 
structed from these approximate molecular constants and the 
vibrational distribution within the Ne( 3 A) state taken from 
these computed Franck-Condon factors. This calculated dis-
tribution is iR approximate accord with that observed in 
high resolution photoelectron spectroscopy measurements (83). 
Franck-Condon factors for No#(/1 1 7) 	NO*(x 1 E) spontaneous 
radiative transitions (85) were also taken into account in 
our consideration of the Ne(x 1 E) internal state distribution. 
The stat istical phase space model was used to compute 
the cross sections for the possible reactions 
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Ne(X 1 E,v 1 ) + Ar 	(66a) 
N04 ( 3 A,v ) + Ar 
	
(66b) 
NO+ (A 1 7,,v 1 ) + Ar 
	
(66c) 
NO(X2 7r,v') + Ar+ 
	
(66d) 
N( 4 S) + 0( P) + Ar+ 	(66e) 
&( .'s) 	N( 4 S) + Ar 	(66f) 
111 4*( 3 P) + 0( 3 P) + Ar 	(66g) 
Ne(X 1 E,v; 3 L,v) + Ar 
The cross section for the interaction channel Eq. (66g) lead-
ing to e ions is presented in Fig. 21 as a function of ion 
center of mass kinetic energy along with the experimental 
points. The curve passing through the 13 volt data has been 
computed by considering only N04"(X 1 E,v) ions as reactant since 
the 13 eV energy of the ionizing electron is below (83) the 
energetic thresholds for the electronically excited NO 
states. The N + reaction cross section calculated for reac-
tant NO+ ions formed via 17 and 20 eV electron impact ioni-
zation have been weighted to account for the vibrational dis-
tributions in the x 1 E and 3 A states as previously outlined. 
Agreement between calculated and experimental data on the 
dissociative N+ reaction channel support use of the phase 
space model, and in particular, kinetic energy thresholds 
0.10 1.4 
O 
N0+ (X1 E,v ; 3 A,v )+Ar-41+ +0+Ar 
1.2 
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Figure 21. Cross Section for the Dissociative NO
+ 
+ Ar ♦ N
+ 
Reactions as a 
Function of Ion Center of Mass Kinetic Energy. (The data points 
are from Ref. (63) for 13, 17, and 20 volt ionizing electron energy 
(left ordinate scale); and the lines are the calculated cross sections 
(right ordinate scale).) 
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given in Fig. 21 are consistent with those predicted for re-
actions of Ne0A,v) ions. There is evidence from photoelec-
tron spectroscopy (83) that Ne( 3 E) and 3 w states are formed 
in ionization processes of neutral NO. Although the presence 
of these states in an NO + ion beam formed by electron impact 
ionization is somewhat speculative, these states have ioni-
zation potentials close to the 3 A state; which would result 
in dissociative ion-molecule cross sections similar to that 
for NO+ ( 3 A,v), when computed from the statistical model. We 
have, therefore, considered Ne( 3 A,v) to be the only long 
lived electronically excited state for the calculated curves 
in Fig. 21 since agreement between calculation and experiment 
is evidenced. The corresponding 0 + product channel predicted 
using the phase space model is presented in Fig. 22 along 
with experimental data for this system. We have assumed for 
this calculation that dissociation to o+("S) + N("S) products 
are possible from both the NO÷(X 1 E) and 3 A states although 
the asymptotic limit of the 3 A state is correlated with 
[N+( 3 /3) + 0( 3 P)]. 	It has been previously suggested (63,80) 
that spontaneous predissociative transitions from the s E or 
7 E states, which are correlated with o+( 4s) 	N("s) at large 
internuclear distances, are possible with excitations involv-
ing Ne( 3 A). Within the framework of the statistical model 
this predissociative type mechanism would give kinetic energy 
thresholds for 0 + formation similar to those calculated 
1 11 1 1 1 11111 11111 1 
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assuming mixing of NO4- ( 3 A,v) and high vibrational levels of 
Ne(X 1 E) in collisions with corresponding dissociations pro-
ducing 0 + . A more detailed examination of this aspect of 
dissociative reaction pathways is given in Fig. 23 for reac-
tions of electronica-ly excited NO with Ar. Experimental 
points in Fig. 23 show both 0 + and N + to be formed in reac-
tions of excited NO and are in harmony with cross section 
curves obtained from the phase space treatment. Further 
evidence of the relevance of the statistical model to disso-
ciative reactions is given in Fig. 24 for Ne - Ne reactions. 
Dissociative cross sections have been computed for this sys-
tem using a set of reaction channels analogous to that for 
N0+ - Ar collisions. As shown in Fig. 24, calculated curves 
are in reasonable agreement with the experimental points of 
Tiernan and Marcotte (63). 
Summary  
Preparation of the diatomic ion is very important in 
determination of the threshold and cross section dependence 
on ion kinetic energy. Given the preparation conditions, 
which a priori fix the reactant ion vibronic distribution, 
the phase space model reproduces observed thresholds and 
kinetic energy dependence for the collision induced disso-
ciation. Also, for Ne( 3 A) which can dissociate forming both 
N + and 0+ (46) calculated results are in excellent agreement 
with experimental observation both in shape and relative 
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production of N + and 0+. Although there is some discrepancy 
in absolute magnitude, it is expected that calculated cross 
sections using the ion-induced dipole potential are an upper 
bound; while the experimental cross sections may be low due 
to the in-line geometry of the experimental apparatus. 
CHAPTER V 
ION-MOLECULE REACTIONS OF C + WITH 0 2 AND N2 
In this chapter we consider the applicability of the 
phase space model to the reactions of C + with 0 2 and N 2 . In 
addition to the charge transfer and dissociative charge trans-
fer processes considered these reactions also have rearrange-
ment (mass transfer) channels available. Also, we further 
test the role of internal'energy and conservation principles 
not explicitly contained in the phase space model and find a 
strong dependence on spin conservation. 
Reaction cross sections of C4- and N2 and 02 have been 
studied by Lao, Rozett and Koski (86) using a tandem mass 
spectrometer. They examined the effect of C + excitation ener-
gy on reaction mechanisms by changing the ionizing electron 
energy in the source chamber of the first mass spectrometer. 
With this technique they were able to measure the transla-
tional energy dependence of cross sections for various reac-
tion channels involving both ground state and electronically 
excited C+ reactant ions. These measurements provide infor-
mation on the role of translational and internal energy in 
reaction mechanisms and data with which to compare. 
The energetics (in eV) and various ion-molecule reac-
tion channels involving C+( 2 P) and c#( 4 P) reactant ions are 
78 
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- e( 2 13 ) 
e( 4 P) 
N2(X 1 E g ) 










4 c( 3 P) + N 2+ (x2 E g ) -4.312 1.019 (67c) 
C( 3 P) + N2+ (A 2 71- u ) -5.429 -0.098 (67d) 
e(2 /3, 4 1)) + N2 (X 1 E,)- 
c( 3 P) + N 2+ (s 2 E u ) -7.481 -2.150 (67e) 
c( 3 P) + N2+ (c2 E u l-12.311 -6.980 (67f) 
-0- N("S ) + ce ( 3 10 -4.726 0.605 (67g) 
N( 2 D) + Ce( 3 70 -7.109 -1.778 (67h) 
C+ ( 2 P) + 02(X 3 Eg ) 0 5.331 (68a) 
e( 4 P) + 0 2 (X 3 E g ) -5.331 0 (68b) 
C( 3 P) + 0 2# (X 2 wg ) -0.793 4.538 (68c) 
4 C( 3 P) + 02+ (effu ) -4.825 0.506 (68d) 
0- ( 2 p, 4 p) + of 2 (P7)- 
C( 3 P) + 02+ (A 2 %) -5.563 -0.232 (68e) 
C( 3 P) + 02+ (b 4 E g ) -6.907 -1.576 (68f) 
0( 3 13 ) + ce(X2 E) 3.228 8.559 (68g) 
-4 0( 3 P) + Ce(A 2 7) 0.699 6.030 (68h) 
li 
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Columns labeled 2 P and 4P give reaction energetics for the 
respective C+ reactant ion states. Molecular and atomic 
parameters used to calculate these energetics are given in 
Appendix A. Lao,•Rozett and Koski (86) were able to deter-
mine electronic state distribution of the reactant C + ions 
produced in electron impact ionization of neutral CO. They 
found that ground state &OP) ions are predominately formed 
in 23 eV electron impact of CO while ionization by 70 eV 
electrons results in a C + beam composed of 72 per cent C4 ( 2 P) 
and 28 per cent C4 ( 4 1:9 ions. These workers were thus able 
to study ion-molecule reactions of C#( 2 P) ions by using 23 eV 
electrons to produce the reactant ion beam. By measuring the 
ion-molecule interactions of C+ ions produced at 23 eV and 
70 eV electron energies, estimates of the contributions of 
both the 0' 2 P and "P states to rearrangement reactions have 
been obtained. 
Mass Transfer Reactions  
The reaction cross section of C + ions with neutral 
nitrogen molecules leading to formation of CN + + N products, 
Eqs. (67g) and (67h), have been computed using the statis-
tical phase space model and the results of this calculation 
are given as a function of translational energy in Fig. 25 
along with the experimental data (86) for this reaction chan-
nel. The open circles in Figs. 25a and 25c are the data ob-
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electron impact ionization respectively. Data obtained for 
C+ ions produced by 23 eV electrons refer to the reactions 
of ground state c+( 2 P) ions and are presented in Fig. 25a. 
In Fig. 25a a comparison of this data is made with computa-
tions using the phase space model which are given by the 
solid curves. Curves labeled N("S) and N( 2 D) refer to com- 
puted cross sections for reactions, (67g) and (67h), respec-
tively in which the product N atoms are considered in either 
the ground 4 s, or excited 2 D state. The energy dependences 
of the calculated cross sections in Fig. 25a for these two 
reactions are similar; however, the absolute magnitude of 
the computed curve in which N( 2 D) + Ce( 3 r) are considered 
products is in better agreement with the experimental data. 
The e ( 2 P) + N2 (X 1 E ) reactions leading to N( 2 D) 	Ce( 3 70 
may be favored since the overall spin change would be less 
than the corresponding reaction in which N( 4 D) atoms are 
formed. As noted previously, the distribution of products 
among the various product ion states in the statistical model 
is primarily controlled by the energetics of reaction and no 
a priori account is made for activation energy barriers or 
spin selection rules. 	Further information on this point is 
given in Fig. 25b for the reactions of C4 ( 4 P) with N2(X 1 E q) 
forming N("S or 2 P) -11- Ce( 3 11. ). The reaction producing WS) 
atoms is exothermic with the computed cross section steadily 
increasing as the reactant ion kinetic energy is lowered, 
while that for the endothermic reaction forming N( 2 D) atoms 
83 
goes through a maximum in agreement with experimental data 
given by the dashed line. We note that this latter reaction 
of & ( 4 13 ) ions with N 2 (x 1 E) giving N( 2 D) + Ce( 3 n) does not 
involve a net spin change while the analogous reaction pro-
ducing N("P) has a spin change of two. The experimental 
curve for c÷ ( 4 P) reaction was estimated from the 70 eV points 
in Fig. 25c by subtracting contributions from c÷( 2 p) reac-
tions. Since this technique relies strongly upon accurate 
determination of the electronic state distribution of the C + 
 ion beam and obtaining accurate values of cross sections at 
both high and low bombarding electron energies, the experi-
mental data for reactions of C4 ( 4 P) ions is somewhat uncer-
tain; however, comparison between the experimental and calcu-
lated cross sections indicates the reaction pathway leading 
to N( 2 D) atoms, Eq. (67h), is preferred. A further compar-
ison between experiment and the statistical model is pre-
sented in Fig. 25c where the reaction cross sections for e 
produced in 70 eV ionization are given along with those com-
puted for reactions (67g) and (67h) leading to Cie. 	In 
order to compare theory and experiment in Fig. 25c, we have 
weighted the calculated cross sections for reactions involv-
ing 2 P and "p & ions 0.72 and 0.28 respectively to account 
for the experimental reactant ion beam distribution. Satis-
factory agreement between the measurements and the computed 
cross sections is obtained if reaction (67h) leading to 
N( 2 D) 	CN+ ( 3 n) products is taken as the dominant atom trans- 
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fer channel for reactions of 0- ( 2 P and 4 P) ions with nitrogen 
molecules. 
The analogous mass transfer channels for reactions of 
C + and 02 to give CO + + 0 are presented in Fig. 26 with circles 
and dashed line representing the estimated experimental data 
of Ref. (86). Possible reactant and product states that we 
have considered in the phase space model of this reaction are 
outlined by Eqs. (68g) and (68h). The results of this calcu-
lation are given in Fig. 26a for reactant C4 ( 2 P) ions -with 
products 0( 3 P) and c0+(X 2 E and A 2 70 states. Comparison be-
tween the calculated curves and the experimental points indi-
cate that either X or A product states of CO + can be consi-
dered possible within the framework of the statistical phase 
space model. We note that both these product ion states have 
the same multiplicity. The cross sections for reactions of 
excited C÷ ( 4 P) ions with 02 are given in Fig. 26b and com-
pared with those derived from the experimental data. We con-
sider this data to have fairly large error limits since an 
estimate of this reaction pathway relies on extremely accurate 
cross section measurements made at two different ionizing 
electron energies. The apparent discontinuity of the curve 
in Fig. 26b reflects this error; however, the experimental 
data bound the cross sections calculated for both CO + (X and 
A) product states. Another comparison between experiment 
and theory is shown in Fig. 26c for the more accurate cross 
sections measured at 70 eV ionizing electron energies where 
C+ (2P) + 02 (X3Eg) -- 0 ( 3P) + CO + C+ (4P) + 02 (X314) .- 0 ( 3 P) + CO + 
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both the 0- ( 2 P and 4 P) reactant states contribute to reaction. 
Computed cross sections, weighted according to the reactant 
ion state distribution, compare favorably with the data and 
suggest that both CO (X 	and A 2 w) are possible product 
states. 
Dissociative Charge Transfer Reactions  
Previous calculations of dissociative charge transfer 
channels of reaction have shown the phase space theory accu-
rately predicts translational energy dependences of reaction 
cross sections for both ground state and/or vibrationally ex-
cited reactant ions. Although cross sections obtained from 
the phase space model give correct energy dependences, it 
has been found that absolute magnitudes of the computed cross 
sections are in some cases larger than those experimentally 
determined. Dissociative channels for reactions of C + ions 
with N 2 molecules are presented in Fig. 27 where the circles 
and dashed line are estimated data of Ref. (86), and the 
solid curves are cross sections computed from the phase space 
model. These dissociative reactions for the C4 ( 2 P) + N 2 reac-
tant system are presented in Fig. 27a; those for the 
C#( 4 P) + N 2 system are given in Fig. 27c; and those reactions 
involving both c+( 2 P)and e( 4 P) ions are given in Fig. 27b. 
Computed cross sections in Fig. 27b are weighted to account 
for the e( 2 P) and e(*P) distributions in the reactant C + 
 beam formed from high energy electron impact ionization of 
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CO so that direct comparison can be made with the experimental 
measurements. It is to be noted in all cases that the com-
puted cross sections given in Fig. 27 are larger than those 
measured, but the energy dependences of the theoretical and 
experimental cross sections are in reasonable accord. 
Similar presentations of data for the interactions of 
C+ with 02 are shown in Fig. 28. The reactions of C#( 2 P) and 
0( 4 P) states are in Figs. 28a and 28c respectively with the 
weighted cross sections given in Fig. 28b. 	It is seen that 
the shape of the experimental and calculated cross sections 
are similar, but a significant difference in the absolute 
magnitude of the cross sections is evidenced. Measured angu-
lar distributions (62) and total cross sections (63) for 
atomic ions resulting from dissociation at high kinetic ener-
gies are consistent with the predominance of forward scat- 
tering. 	It is possible that not all charged particles from 
the dissociative processes investigated in Ref. (86) were 
collected by the second spectrometer which was at right an-
gles to the primary ion beam. Repeller voltages were applied 
to accelerate products out of the interaction region into the 
analyzing mass spectrometer, but ionic products with momentum 
in the forward direction will not be collected with 100 
per cent efficiency, leading to low experimental dissocia-
tive cross sections. The computed thresholds for atomic ion 
formation obtained from Figs. 27 and 28 approximate those 
measured and support the applicability of the phase space 
0.02 
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model to energy conversion processes in these reaction 
channels. 
Charge Transfer Reactions  
The experimental charge transfer processes for C 4 re-
acting with N 2 are shown in Fig. 29 as the circles and dashed 
line. 	Fig. 29 gives the comparison with phase space calcu- 
lations for various N 2 product states for the C+ ( 2 P) 	N2 
reactant system. Similar comparisons are shown in Fig. 29c 
for the C4 ( 2 P) 	N2 system where the dashed curve is obtained 
from experimental data and the solid curve is total cross 
section for N 2 formation derived from the statistical model. 
A serious departure of the theoretical and experimental cross 
sections is evidenced in Fig. 29c with the result that the 
weighted cross sections computed for c4 ( 2 P, 4 P) + N 2 reactions 
in Fig. 29b are also in disagreement with experiment above 
20 eV. Experimental cross sections for C4 ( 4 P) reactions ex-
ceed the total cross sections calculated from the ion-induced 
dipole potential and suggest electron transfer occurs at im-
pact parameters larger than those possible from Eq. (25). 
An alternate approach to the description of charge transfer 
processes is the one electron model (19) for asymmetric sys-
tems in which the cross section is dominated by "accidental 
resonance" conditions when the energy defect AE is small (20). 
C+("P) is in close resonance with N 2+ (A 2 w u ) and vibrationally 
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the charge transfer processes might be dominated by these 
accidental resonances. Bohme, Hasted, and Ong (21) have ob-
tained an approximate expression for near resonant charge 
transfer processes for a given vibrational-rotational level 
of the reactant molecule 
av,i (v) = am (v m ) 	expr 
	 v 
k'(/ - alAEI(v,j + v'„i 1 ))] 
,v<vm (69a) 
am (v m ) C. v>v (6 9b) 
c is the square of the vibrational overlap integral (41) be-
tween states v and v'. Consistent with the assumptions of 
Bohme, Hasted, and Ong (21) a, the adiabatic parameter is 
taken to be 100A; k', a measure of the 'sharpness' of the 
maximum in the cross section, is taken to be 2; and v m , the 
velocity at which the maximum cross section is attained, is 
given by h/JAEI = a/v m . The energy defect is given by 




 0 + 0,0) + [G(v) - 0(0) + Fv (j)] 
he -  
- [G(v') - 0(0') + Fv f(j')], 	 (70) 
where the primes denote the product state. AE(0,0+0,0) is 
the energy defect for ground state products. The vibrational 
and rotational levels for the diatomics are given by (27) 
0(v) = we (v+.1 ) 	wese (v41) 2 ; 	 (71) 
Fv (j) = [Be - ae (v+1)] j(j+1). 	 (72) 
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To calculate a m  (v m
) we consider the interaction potential to 
be that given by Eq. (24) with the inclusion of a resonance 
potential which has the asymptotic form (12) 
Vr = ±Ar exp [-Z(1-0-r)] 
	
(73) 
where A = (e 2 /2a 0 ) (Z 3 4"). Z 2 is the ionization energy in 
Rydbergs, a, is one Bohr radius, and r is expressed in units 
of a 0 . Considering only the attractive portion of the poten-
tial, a maximum in the potential is reached when r = r * 
given by 
(dV/dr) r=r = 0. 	 (74) 
From Eqs. (24),(73), and (74) in atomic units L 2 (r * ) is given 
by 
L 2 (r ) = 211a/r42 	.11A(Zr -1)r * 3 exp [-Z(l+r * )] (75) 
which then gives for the potential at its maximum 
V * = a/r * " 	1r * A(Zr * -3) exp [-Z(l+r * )]. 	(76) 
Since (d 2 V/dr 2 ) must be less than zero at the maximum, all 
r * > rm will lead to formation of a maximum in V where rm  is 
given by (5 	/1-7)/2Z (12). For intimate interactions the 
barycentric kinetic energy cannot be less than V * . Thus, 
setting E = V * will uniquely define r * and L(r * ) from which 
the cross section is obtained 
a = •L 2 /(pv) 2 . 	 (77) 
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However, in cases for E > V * at r = r * , the orbital 
angular momentum is given by (12) 
	
L 2 = L 2 (r *  =r m) 4 prm 2 [E - V * (r *=rm)]. 
	(7 8) 
a m (V m ) is obtained by solving Eqs. (75), (76), and (78) for 
L 2 at v = vm . Bohme, Hasted, and Ong (21) have shown that 
only the six closest exothermic resonances make significant 
contributions to the total cross section. The total charge 
transfer cross section for a given ion velocity is then 
given by 
6 
a(v) = E 	a, ‘ .(v)f(v,j) / 	f(v,j), 	(79) 
j n=1 	 v„1 
where f(v,j) is the distribution function for reactant 
 
   
   
  
diatomic molecules 
   
  
f(v,j) 	 exp [-{G(v)-Fv (j)}hc/kT]. 	(80) 
QvQr 
Qv and Qr are the partition functions for the vibrational and 
rotational states respectively. We have used this near reso-
nance formalism to describe the interactions of the C÷( 4 P) 
N 2 (X 1 E ) system since it is in close energy balance with the 
m2 4- (A 2 nu,v=0 3 1) 	C( 3 P) product channel. Results of this 
computation given by the dot-dash line in Fig. 29c are to be 
compared with the experimental curve. The functional depend-
ence of the measured charge transfer cross section is in har-
mony with the nearest resonance calculations; however, the 
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absolute value of the computed cross section is lower than 
indicated by the experimental estimate. It is to be noted 
that the vibrational wavefunctions used to calculate the over-
lap integrals were those involving infinite N2 and N2 + sepa-
ration, whereas a more complete description would take into 
account the perturbation of the vibrational motion during 
the heavy particle collision. Also, the large error noted 
in the subtraction technique to obtain the curve suggests an 
overestimate of the experimental cross section, and the reso- 
nance calculation gives the correct energy dependence of 
cross section. 
Similar reactions involving the c+( 2 P and 4 P) t o 2 
systems are presented in Fig. 30 with the experimental data 
given by the circles and dashed line. Cross sections pre-
dicted by the statistical phase space model are given by the 
solid curves in this figure. Computed cross sections for the 
reactions of c 4- ( 2 P) ions are given for channels involving 
different 0 2 electronic states. The calculated cross sec-
tions for c+( 2 P) ions in Fig. 30a are of the same order of 
magnitude as the experimental data, but quantitative agree- 
ment is not evidenced. A more serious deficiency of the 
phase space model in describing these electron transfer reac-
tions is shown in Fig. 30c for e( 4 P) ions where computed 
total 0 2 + cross section is low with an apparent incorrect 
energy dependence, which also has a corresponding effect on 
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description of the 0- ( 4 P) + 0 2 (i 3 E g ) interactions is embod-
ied in the nearest resonance model in which we have taken 
the c( 3 P) + 02+ (a 4 wu) as products. This particular channel 
does not involve a net spin change and the energy balance be-
tween reactant and product system is obtained at approximate-
ly the v=5 level of 02+(a 4 nu ). Computation using the near-
est resonance model, which is presented in Fig. 30c, shows 
the cross section to be of the right magnitude; and the var-
iation of the cross section with reactant ion kinetic energy 
is similar to experimental observation. 
Summary  
The cross sections for chemical rearrangement reac-
tions of low energy C + ions with N2 and 02 leading to CN + 
 and CO+ respectively are in reasonable agreement with the
predictions of the statistical phase space model. However, 
quantitative comparison between the results using this model 
and experimental data indicates that product states do not 
necessarily mix statistically; and spin and/or symmetry re- 
quirements play a role in determining the product states. 
Translational energy dependences of dissociative reactions 
as determined from the statistical model appear to be cor-
rect, but the statistical treatment overestimates the magni-
tude of this channel. Competative charge transfer processes 
with close energy balance between initial and final states 
are better described by the nearest resonance model, where 
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electron transfer may occur over large distances, with the 
statistical approach limited to close coupled collisions. 
It is noted that the phase space results for Figs. 29b and 
306 are in good agreement at energies below 20 eV, the energy 
where bmax becomes approximately equal to the hard core di-
ameter of the target specie. Above this energy the Langevin 
cross section and, thus, the partial cross sections fall off 
faster than is indicated by experimental measurements. 
CHAPTER VI 
ROTATIONAL EXCITATION OF N2 + PRODUCED IN CHARGE TRANSFER 
REACTIONS WITH INERT GAS IONS 
In this chapter we wish to investigate further the 
internal energy distribution of product diatomics using the 
phase space model. In Chapter III we showed that the phase 
space model gives a good representation of the relative pop-
ulation of the various vibrational states of diatomic ions 
produced in charge transfer reactions. In treating the in-
ternal energy distribution, vibrations were treated quantum 
mechanically while integrating over rotational states. We 
now consider the classical phase space model applied to in-
ternal rotational population where we treat rotations quantum 
mechanically. We will examine the rotational distributions 
within a given vibrational state of N 2+ formed in low energy 
charge transfer reactions of inert gas ions with N 2 . 
In Chapter III we noted that Inn (31) observed signif-
icant deviations in both vibrational and rotational distri-
butions from that predicted by a Boltzmann distribution for 
N24"(C 2 Eu ) formed in charge transfer of He + + N 2 . He obtained 
rotational populations on the basis of observed radiative 




P2 (C 2 Eu ) ÷ N2* (X 2 E g ) + hv. 	 (81) 
In other studies of low energy charge transfer proc-
esses, the population of higher vibrational and rotational 
states of product diatomics is significantly higher than that 
predicted on the basis of the Franck-Condon principle 
(87-93). Moore and Doering have investigated the first 
negative system of N 2 + corresponding to the radiative 
transitions 
N2 + (B 2 E u ) 	N2+(X 2 E g ) 	hv 	 (82) 
where N2+ (B 2 Eu ) ions are formed in charge transfer processes. 
They find vibrational (87) and rotational (88) relative band 
intensities agree with those predicted from the Franck-Condon 
principle at high energies, while at ion velocities below 
10 8 cm/sec significant enhancement of higher rotational and 
vibrational states is observed. Similar behavior has been 
observed by Polyaikova et al. (89) and Liu (90). Also, CO + 
 formed in charge transfer processes has shown anomalous vi-
brational distributions (91,92) at low energies. 
In this laboratory Moran and Fullerton (94) observed 
a similar departure from the Franck-Condon principle in the 
collision induced dissociation of H 2 	The dissociation 
process may be described in terms of an electronic transition 
from the H24- ( 2 E
9 
 ) bound state to the H 24- ( 2 Z
u
) repulsive curve. 
At 2 keV ion energy the electronic transition resulting in 
the formation of e was adequately described by the Franck- 
P 
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Condon principle, but as the ion energy was lowered, devia-
tion from the Franck-Condon principle became significant re-
sulting in H + ion having a much lower velocity than would be 
expected. Presumably, these deviations may be attributable 
to longer collision times resulting in a perturbation of the 
internuclear separation of the diatomic. At low ion kinetic 
energies this perturbation may be described by invoking com-
plex formation, which would then allow a representation of 
these processes by the phase space model. 
Previous results of applying the phase space model to 
rotational populations (4-7) have shown that the model pre-
dicts high rotational enhancement of the diatomics produced 
in neutral-neutral reactions. Pechukas et al. (4) examined 
internal energy distributions for reactions of potassium 
with hydrogen halides and found reasonable agreement with 
experiment. They noted that in reactive collisions that 
most of the angular momentum is converted to product rotation. 
Disagreement was noted at the threshold indicating a small 
energy barrier. Lin and Light (5) then studied the same re-
action by incorporating a potential barrier in the phase 
space model and found better agreement with experiment. 
Truhlar and Kuppermann (6) investigated the internal energy 
distribution for the reactions of atomic hydrogen with 
deuterium halides and observed a very marked dependence on 
initial energy and angular momentum. As the energy is 
raised, the relative energy of the reactants provides more 
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energy and angular momentum to the complex so that energy 
and angular momentum from internal modes is less important 
and rotational distributions become broader. Their pre-
dicted ratios of product vibrational and rotational states 
compare favorably with experiment. More recent calculations 
of Truhiar (95) applying the phase space model to inelastic 
processes for the beam reaction K + HC1 predict a high ratio 
of inelastic collisions to reactive scattering. Product 
diatomics are predicted to be highly rotationally excited in 
substantial agreement with experiment. There have been no 
comparisons of rotational distributions for ion-neutral colli-
sions, presumably due to the lack of data with which to make 
comparison. With the improvement of experimental resolution 
in recent years data from spectroscopic sources have become 
available with which to compare phase space predictions. 
The phase space for forming a given rotational state 
is given by integrating the phase space integral, Eq. (38), 
over m (see Eq. (36)). This gives 
r(E,K,v,m) = 2M, 	 M<IM i l; (83a) 
= M - K + (8e 2 ap 2 c) 1/ (1 - M2/2I0 1/4 M>IMi l. (83b) 
If we write 
M2 = M(M#1) * 2 = 2/Erot 
defining product rotational energy and angular momentum, we 
find the phase space for forming a diatomic product defined 
by total energy, E; total angular momentum, K; vibrational 
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quantum number, v; and rotational quantum number, m. The 
probability for forming a product in vibrational state v 
and rotational state m is then 
P (E K v m) r 	.II [r(E,K,v,m) / 	r(E,K,v,m)] Pi (E„v). (85) 
We multiply the probability for a given rotational state 
within a given vibrational state by the probability for form-
ing the vibrational state, Pi (E,K,v), in order to insure 
that the sum of the probabilities of forming that vibrational 
state. 
Low energy charge transfer processes for the reaction 
He+ 4- N 2 (X 1 E ) 	He 	N2# (C 2 E u ) (86) 
show anomalously high rotational and vibrational enhancement 
(31,43). 	(See Chapter III for a discussion of the vibra- 
tional distribution, Fig. 3). This enhancement was attribut-
ed to the fact that high rotational states of the v=3 level 
are in exact resonance with He + (31). We have calculated 
the rotational distributions of N 2+ formed by Eq. (86) and 
the results are shown in Figs. 31 and 32. In Fig. 31 the 
vibrational-rotational distribution of N 2+(c2 E u) formed by 
He with thermal velocity and 1.0 eV translational energy 
are presented; Fig. 32 shows the distributions for 5.0 and 
10.0 eV He + ions. As the ion kinetic energy is increased, 
the rotational distribution becomes broadened. At thermal 
energy and low values of rotational angular momentum the 
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Figure 31. Rotational-Vibrational Distribution of N + (C 2 E ) 
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Figure 32. Rotational-Vibrational Distribution of N2 + (C 2 E u ) 
Formed with 5.0 and 10.0 eV He Ions. 
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rotational intensity is proportional to 2M, Eq. (83a). Due 
to conservation of angular momentum, states with higher than 
a certain rotational angular momentum cannot be formed from 
all incident partial waves. As the energy is increased, the 
initial orbital angular momentum increases allowing more 
rotational states to be populated. But, due to angular 
momentum considerations, the intensity of higher rotational 
states is given by Eq. (83b) resulting in the two-peaked 
structure shown for 1.0 eV ion kinetic energy. Thus, the 
total intensity is given by a composite of the two condi-
tions. At higher energies the two-peaked structure becomes 
less evident, but we note a further limitation. We require 
that the rotational energy be less than the dissociation 
energy from the given vibrational state, and we note a sudden 
fall off in the rotational cross section corresponding to the 
point at which the rotational energy equals the dissociation 
energy. The cross sections presented in Figs. 31 and 32 are 
smoothed out over the undulations present in the calculated 
cross section. 
In Fig. 33 we show the actual cross sections calcu-
lated for each rotational state in the v=0 vibrational level 
for ion kinetic energies of 0.04, 1.0, 5.0, and 10.0 eV. As 
the energy increases to 5.0 eV, we note an increase in the 
undulations, and the two peaked structure becomes more evi-
dent. At higher energies essentially a constant distri-
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Figure 33. Rotational Cross Sections for Formation of 
N 2 r (C 2 E 0 v=0). 
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evident. A double peak such as predicted has never been 
observed experimentally, and it would require careful selec-
tion of ion energy in order that it ever be observed; but it 
would make an interesting experiment. 
In the following figures the calculated rotational 
intensitiies will be presented as smoothed out curves drawn 
through an average of the calculated cross sections for each 
rotational state. 
In Figure 34 the rotational distribution of the v=3 
and 4 states are shown with the relative spectral intensi-
ties for the second negative transitions, Eq. (81), estimated 
from the data of Inn (31). Inn attempted to fit the distri-
bution with a Boltzmann distribution at 610°K for rotational 
states above m=.20 but found only approximate agreement. For 
the lower rotational states it was difficult to obtain a 
good estimate of the intensity due to poor resolution of the 
P and R branch transitions which overlap in this region (31). 
For the comparison we have assumed that the calculated cross 
sections for the rotational states is directly proportional 
to the relative intensity when multiplied by the Franck-Condon 
factor for the transitions from v=3 and 4. For the (3,9) and 
(4,10) bands presented by Inn (31), the Franck-Condon factors 
are 0.3330 and 0.3693 respectively (50). For the higher rota-
tional states of the v=3 level, where the P and Q transitions 
are resolved, the calculated relative intensities give a very 
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Figure 34. Relative Rotational Intensity of W(C 2 E u ,v=3,4) 
Formed by Ion Impact with He +. (The data points 




P branch transitions. For the v=4 vibrational state only 
the lowest rotational states are populated at thermal ener-
gies and, thus, have a much lower relative intensity. From 
the intensities estimated from the spectrum of Inn (31) rela-
tive to the intensities for the v=3 vibrational state the 
phase space prediction of the spectral maximum and the rela-
tive magnitudes is in accord with observed intensities. Pre-
viously, we showed that the phase space model gave good vi-
brational product state ratios. From Fig. 34 we see that 
the model also gives good ratios of product diatomic rota-
tional states within a given vibrational state and of rela-
tive intensities from different vibrational states. 
Kassal and Fishburne (93) have obtained rotational dis-
tributions of N 2 +(B 2 E u ) ions formed in charge transfer reac-
tions of the type 
I+(i) + N 2 (X'E g) 	I(j) + N2+ (B 2 E u ) 	 (87) 
which then radiate according to Eq. (82). I(j) corresponds 
to an inert gas atom in state j formed from the corresponding 
ion in state i. The spectrometer they used was connected to 
the collision chamber into which the gases were mixed. The 
electron gun used to ionize the gas operated at voltages 
above 5 keV, and pressure on the order of microns was main-
tained in the chamber. Using this high energy electron 
beam, inert gas ions could be formed in many possible states. 
(See Moore (96) for a tabulation of the possible states.) 
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Most of these states have short lifetimes, but some of the 
quartet metastable state are relatively long-lived. Hagstrum 
(97) has estimated that these metastable states have life-
times greater than one second and, thus, would not decay in 
a time short compared with the collision time for the high 
pressure maintained in the collision chamber (93). For Art', 
Kr+ , and Xe# it is necessary to consider these metastable 
states as reactant ions in that the ground states of the 
ions are not capable of exciting N2 at thermal temperatures. 
In Table 3 we give some of the metastable states of the inert 
gas ions considered and the corresponding exothermicities 
resulting in forming the atom in a low excited state for the 
charge transfer process represented by Eq. (87). Also shown 
are the corresponding ground state exothermicities to illus-
trate the disfavor of these reactions. 
For the reaction of N 2 with Kr# 4 we have taken the 
two lowest metastable states to be dominant and of equal 
probability. In Fig. 35 we present the calculated probabil-
ity for rotational population of the v=1, 2, and 3 levels of 
N2÷ (B 2 Eu ) along with the experimental intensity given by 
Kassal and Fishburne (93). We have used an energy scale to 
present the results using band heads reported by Wallace 
(48) in order that we make a direct comparison with the ob-
served intensity, since the broad spectrum observed could 
not be resolved into contributions from each vibrational 
level except for the v=0 state. The corresponding rotational 
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Table 3: Energy States of Rare Gases and Exothermicities 
for Charge Transfer Reactions I + + N
2









Ar I S o 0 
Ar* 13.075 
Ar
+ 2p3/.2 15.755 -2.990 -15.897 
Ar" 4 0 7/ 2 32.161 13.416 0.341 
4 F 9/2 33.384 14.639 1.564 
Kr is  0 
Kr* 9.860 
Kr + 2p 13.996 -4.749 -14.609 
Kr
+* 40 
7/ 2 28.900 10.155 0.295 







21)1'1 12.127 -6.618 -14.933 
Xe" 40
7/2 
23.960 5.215 -3.101 
"F 7/2 24.379 5.634 -2.681 
4 F 1 
24.451 5.706 -2.609 
2 F 
7/a 26.374 7.629 -0.686 
D
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Figure 35. Relative Rotational Intensity of Nz (B E
u ) Formed by Kr
+* 
+ N2. (The solid line is the calculated intensity, and the dashed 














quantum numbers for the v=1, 2, and 3 states are shown at 
the top of Fig. 34. We have multiplied the calculated cross 
sections for each vibrational state by the corresponding 
Franck-Condon factor (50) for the individual spontaneous 
radiative B - x transitions given by Eq. (81). (See Table 2 
for these values.) In Fig. 35 the calculated rotational 
distribution for the individual vibrational states multiplied 
by the Franck-Condon factor for the B - X transition of 
N2+ (B 2 E 24 ) formed by reaction of N 2 with Kr4"( 4 D 7/2 ) is given 
by the dotted line and those due to reaction with Kr# ( 4 17 9/2 ) 
by the dash-dot curves. The total calculated intensity ob-
tained by summing over all vibrational states is given by 
the solid line. The dashed line is the experimental distri-
bution given by Kassal and Fishburne (93). 
The 4D 7,2 state contributes very little at thermal 
velocities since only the lowest rotational states of the 
v=1 vibrational level are populated, and it is obvious that 
most of the rotational structure observed must be due to the 
4F 9/2 state, but evidence for both states is, noted. The dis-
crepancy in relative magnitude of the peak observed at 0.4 
eV may be due to high rotational states of the v=0 band 
which are not completely resolved in the experiment of Ref. 
(93). Also, the relative importance of the v=3 state ap-
pears to be overestimated which may be due to experimental 
resolution. The overall_ agreement with experiment is rea- 
sonable within experimental error of determining the absolute 
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intensity, again showing that the phase space model gives a 
good representation of product internal energy distribution. 
Fig. 36 shows the corresponding distribution for the 
Aril' reaction. As before, we have considered the lower two 
metastable states to dominate; and the individual rotational 
distributions multiplied by the appropriate Franck-Condon 
factor (50) are shown. The dotted curves correspond to 
N2# (B 2 Eu  ) formed in the various vibrational states by reac- 
tion with Ar#( 4 D 712 ) and the dot-dash lines by reaction with 
Ar#( 4 F 9/2 ), and we have considered the contributions from 
both metastable ions to be equal. The solid line is the 
total calculated intensity obtained by summing over all con-
tributing vibrational states. The experimental data, given 
as the dashed line, does not extend to the lower rotational 
states in that the P and Q branches were not resolvable (93). 
Comparison with the experimental intensity indicates that 
the contribution due to reaction with Ar#( 4F0) may be less 
than that due to Ar+("p y2 ). Also, the contribution of the 
v=1 vibrational state appears to be less than we calculate. 
This may be due to the fact that we have not considered any 
broadening of the calculated intensities but have considered 
the calculated cross sections multiplied by the appropriate 
Franck-Condon factor to be directly proportional to the 
intensity. Experimental intensities for the B - X transition 
and the phase space predictions both show that the dominate 
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Figure 36. Relative Rotational Intensity of Ne(B 2 E ti 
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N 2 . 
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For the reaction of N 2 with Xe + forming N2÷(B 2 E u ) the 
only metastable state that is energetically feasible is 
Xe# ( 4 D 42 ). However, even with this state some additional 
energy must be supplied. In Fig. 37 we show the rotational 
distribution calculated for an ion kinetic energy of 0.15 eV 
as the solid line along with the experimental intensity 
given by Kassal and Fishburne (93) as the dashed line. For 
this presentation we use rotational quantum number as the 
abscissa in that: only the v=0 state is populated. In the 
experimental arrangement some ions produced would be expect-
ed to have a small amount of translational energy. Also, 
some of the N 2 may possess a certain amount of internal 
energy which could make up the energy deficit. By assuming 
this additional energy, we obtain a good representation of 
the observed spectral distribution. The small bump observed 
at approximately m=24 is not explained by this mechanism. 
At the high pressure maintained in the collision chamber, 
some higher states of Xe + may be formed and undergo charge 
transfer before they decay. This could explain both the 
energy deficit and the additional maxima observed by Kassal 
and Fishburne (93). 
In the calculation of rotational distributions of 
product diatomic species the severe restrictions imposed due 
to angular momentum conservation are very evident. In the 
cases examined the overall energy defects (including in-
ternal, translational, and exothermicity) were small, and 
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Figure 37, Relative Rogtional Intensity of Ne(B 2 E u ) 
	
Formed by Xe 	+ N2. (The solid line is 
the calculated intensity, and the dashed 
line is the observed intensity taken from 
Ref. 93.) 
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we obtained good agreement with experimentally observed 
product internal energy distributions. In its basic form 
the phase space model gives good results when used to pre- 
dict relative internal energy distributions of ion-molecule 
reactions. 
In some cases, however, conservation of energy and 
angular momentum, while being necessary conditions, are not 
sufficient to describe the interaction. To provide a tracta- 
ble model, in addition to conservation of energy and angular 
momentum, other quantities, such as spin, must be conserved. 
In other cases spin conservation will not explain the proc- 
ess. In the following chapter we examine the He + + N2 reac-
tion in an effort to provide the additional a priori infor-




FURTHER CONSIDERATIONS OF THE He + N 2 REACTION 
Two main problems were noted in our adaptation of the 
statistical phase space model. One problem arises when the 
most energetically favored product channel is not observed 
experimentally. In Chapter III we made the assumption based 
on experimental evidence that N 2*(c 2 E u) is the dominant 
product electronic state formed in charge transfer reactions 
of He with N 2 . In Chapter V in order to achieve an adequate 
description of the reactions of C I. with 02 and N 2 , it was 
necessary to consider conservation of spin in addition to 
conservation of energy and angular momentum. Kaufman and 
Koski (98) have argued that it is necessary to consider con-
servation of spin in formation of the complex in addition to 
conservation of ;pin in going from reactants to products. 
For a detailed study of the collision problem it is 
necessary to have an accurate potential energy surface with 
which the various reactant and product electronic states can 
be correlated. This approach has been used successfully to 
describe the reaction 0+ + N 2 + NO+ + N. This reaction is 
exothermic by 6.7 eV, and NO production would be expected 
to have a variation with energy similar to that given by the 
Langevin expression where the cross section decreases with 
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increasing energy (see the phase space calculation of Wolf 
(8)). However, experimental results in the energy range 
1-30 eV show the cross section rising with energy and going 
through a broad maximum at 10 eV (99). In the thermal energy 
range it was found that the rate of reaction increased rap-
idly with N 2 vibrational temperature (36). Kaufman and 
Koski (98) have calculated a potential energy surface for 
the N 2 0+ complex and, by correlating the electronic states 
of the complex with separated particle electronic states, 
show that a minimum reaction energy (or activation energy) 
of about 0.9 eV is required for the reaction to occur. This 
is consistent with experimental observations (36,99). This 
approach is often difficult because good molecular wave func-
tions and electron configurations are not always available. 
In the next section we consider the He + N2 reaction and 
give a qualitative proof that N 2+ (C 2 Eu ) is the preferred 
product electronic state using correlation considerations. 
The ion-induced dipole potential is not adequate to 
delscribe the interactions between ions and molecules above 
several electron volts. At higher energies calculated cross 
sections decrease faster than experimentally measured cross 
sections. We will consider a potential description that is 
more suitable over a wider energy range. The potential we 
consider includes long range dispersion forces and short 
range repulsive forces in addition to the ion-induced dipole 
potential considered previously. 
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Correlation Considerations for the He + N2 Interaction 
Wigner and Witmer (27,100,101) have derived rules for 
determining the molecular states that result from given 
states of the separated atoms and/or molecules. These cor-
relation rules have been derived under the assumption of an 
adiabatic change of internuclear distance. When two species 
with orbital angular momentum t and spin angular momentum S 
are brought together, the resultant angular momentum about 
the line connecting the nuclei is given by 





where ML is the magnetic quantum number corresponding to 
orbital angular momentum Z. In addition we must have for 
the total spin in the molecule 
(89) 
where Si and S2 are the spins of the separated species. 
For the reaction 
He + ( 2 S) # N 2 (X 1 E g ) .4 HeN 2+ 	 (90) 
Eqs. (88) and (89) give that the state of HeN 2¢ must be 2 E. 
For the decomposition of HeN 2+, 
HeN 2# ( 2 E) 4 He(1S) 	N + 2 9 (91) 
the above considerations give that the N 	product state 
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must be 2 E. 
In Table 4 we give the electron configuration for 
N 2 (X 1y and the more important N2 + electronic states (46,47). 
Herzberg (100,101) has argued that electronic states of 
triatomic molecules can be obtained by consideration of the 
corresponding states of the united atom or molecule. In 
Table 5 the expected electron configurations for the lowest 
states of HeN
2 
are shown. The ground state of HeN 2 is 
expected to be the 2 1I electronic state (100), which is the 
lowest state of the united molecule NO. The other electron 
configurations shown in Table 5 are some of the lower ex-
cited state configurations of NO (46). In Tables 4 and 5 
only the valence electrons are shown. 
Since the complex formed between He and N
2 
must have 
the designation 2 E, the corresponding electron configuration 
for the reactant intermediate would be a 2 a 2 (1 2 70.0a 1 . 'Since 
the neutral decomposition product is He( 1 S), it is reasonable 
to assume that He removes a pair of a electrons. This leaves 
an electron configuration for N 2 + of e a 2 7 3 10 1 a . This elec- 
tron configuration corresponds to N 24 (C 2 E u ) and suggests 
that the C state would be the dominant charge transfer prod-
uct state. However, due to strong interactions between the 
C state and the B state of N2 + (43), some ambiguity exists 
as to the exact electronic distribution at large internu-
clear separation (46); and it is not surprising that a cer-
tain fraction of the charge transfer also. forms N2+(B2Eu). 
124 
Table 4: Electron Configurations of Nitrogen 
(only valence shell electrons are given) 
Molecule State 	Electron Configuration 
•10/1•■==11.1101a, 
N 2 	 X'E g 	 (2a g ) 2 (2au) 2 (17r u ) 4 (3ag) 2 
N 2 + 	 X 2E u 	
(2ag) 2 (2au) 2 (1ru) 4 (3og) 1 
A 2 H u ( 2 ag) 2 ( 2 au) 2 ( 1 ru) 3 ( 30 g) 2 
B2Eu 	 (2ag)2(2au)1(1nu)4(3ag)2 
C 2 E u 	 (2ag) 2 (2a u ) 2 (11%) 3 (3og) 1 (lrg) 1 
D 2 11u 	 ( 2ag) 2 ( 2 au) 2 ( 1 %) 2 ( 3ag) 2 (lng) 1 
Table 5: Electron Configurations of HeN2 + 
(only valence shell electrons are given) 
State 	 Electron Configuration 
2 n 
4 11 ,2 n 
2 E ,4 E, 2 A ,4 A 
 2E, 4 E, 2,1, 4 1,
2 
2 2 2 4 1 
0 a a 71' 1t 
2 2 2 3 
CY a 0 Tr Tr 
2 2 2 3 1 1 
0' a 0' TT 'IT 0' 
a 2 • 2 1 4 2 a a a 1T TT 
2 2 4 1 
0' a a TT 7T 
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Evidence of this was given in Chapter III. 
Although this proof is only qualitative, it does sug-
gest a reasonable method of analyzing ion-molecule interac-
tions where certain anomalies exist. As more accurate wave 
functions are obtained, better potential energy surfaces will 
be obtained which will allow a more thorough description of 
the collision process. 
Consideration of Dispersion'and Short Range Forces  
in the Phase Space Model  
The problem of calculating the interaction energy be-
tween two species reduces in principle to a solution of the 
Schrodinger equation using a Hamiltonian, which consists of 
the sum of the Hamiltonians for the isolated species, plus 
the coulomb interactions between all charges in specie 1 and 
those in specie 2. The accurate evaluation of an intermolec-
ular potential is essential for a detailed understanding of 
energy transfer in molecular collisions (102). The usage of 
a potential energy surface is twofold. First, it can serve 
to visualize what happens in an atomic or molecular process. 
Secondly, it can be used as input data in a theory of the 
collision process. However, calculations of accurate poten-
tial energy surfaces are very limited due to consideration 
of the coulombic interactions, which manifest themselves at 
intermediate internuclear distance. Intermolecular forces 
at large internuclear separation have been considered in 
r 
	 L 	  
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some detail (103-107) and various treatments presented. 
The long range behavior for the interaction of an ion 
and a neutral specie may be given as (104) 
= velec 	vind 	vdisp• 
	
(92) 
The interaction potential given by Eq. (92) represents the 
electric interaction between the two species. The electro-
static energy represents the interaction energy determined 
by the permanent electric moments of the species and is 
given by (107) 




is the quadrupole moment of the neutral particle, q is 
the charge on the ion, and 0 the angle of inclination of the 
diatomic specie relative to the trajectory of the free par-
ticle. The permanent moments producing a distortion of the 
electronic structure in neighboring molecules gives the 
induction energy (107), 
vin d 
	






where an , all , and a/ are the polarizabilities of the neutral 
particles. The London dispersion energy represents the 
interaction between the two induced charge distributions and 
is given as (103,107) 
vdisp = -r -6 [ 31 - 1 . 1n {(1n44 ati3 -cO nlYcose 1112(1. 7:+ 1n 	(95) 1.  
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where I. and I are the ionization energies of the ion and 
neutral species, respectively, and ai is the polarizability 
of the ion. The potential given by Eq. (92) was obtained 
from perturbation theory (104,107) and has been shown (108) 
to give a good representation of the accurate Hartree-Fock 
ab initio calculation for the reaction of Li + 	H2 at large 
internuclear separation. 
In addition to the potential given in Eq. (92) we con-
sider a short range repulsive potential of the form 
v(12) = d r-12 . 	 ( 96) 
In Figs. 38, 39, and 40 we present the potential for the 
interactions of He + + N 2 and He + N 2 + for 0°, 45°, and 90° 
collisions. The data for the potential given by Eq. (92) 
are presented in Table 6. The polarizability of He was 
estimated from the relation (104) 
a = n 4 a 0 3 /4e. 	 (97) 
z is the nuclear charge, n is the principle quantum number, 
and a o is one Bohr radius. 
To estimate the values for d in Eq. (96) we have cal-
culated the energy dependence of He - N 2 distance for the 
HeN 2 complex using the semiempirical LCAO-SCF-INDO method 
developed by Pople et al. (112). 	Ref. (113) gives the de- 
tails of the calculation. There are serious deficiencies 
in this method. One inadequacy noted is that the method 
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Table 6: Potential Parameters for He, N 2 , and 
the Corresponding Ions 
(References are given in parenthesis) 
He He + N 2 N2 + 
0 0.0 -1.52x10 -1° esuA 2 (109) 
a 0.205A 3 (110) 0.037A 3 1.76A 3 	(104) 1.76A 3 
an 2.38A 3 	(104) 
al 1.45A 3 	(104) 
24.580eV(96) 54.403eV(96) 23.575eV(111) 19.925eV(111) 
Table 7: v(12) Parameters for He - N
2 
Interactions 
(in eV Al 2 ) 
He
+ 	N 2 
He + N 2
+ 
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Figure 38. Interaction Potentials for He
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Figure 39. Interaction Potentials for He + N
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Figure 40. Interaction Potentials for He + + N
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does not give the correct ordering of molecular orbitals 
(114). Also, the INDO method is not adequate for excited 
state calculations of molecules and ions (115). However, it 
does give good representations of molecular geometries and 
relative energies (112). Therefore, the energies determined 
for small He - N 2 distances should be reasonably accurate 
and give a good representation of the repulsive barrier. 
The calculations indicate that HeN 2+ should be linear in 
accord with the predictions made on the basis of Walsh's 
rules (116) indicating a collinear collision would be pre-
ferred. The values of d were estimated from the slope of 
the repulsive portion of the curve calculated from the INDO 
method. By requiring the potential given by Eqs. (92) and 
(96) to have the same slope as that computed by the INDO 
method for the repulsive curve at a given He - N 2 distance, 
we obtained the estimated values of d given in Table 7 for 
0°, 45 ° , and 90° collisions. 
The potential calculated using Eqs. (92) and (96) is 
shown in Figs. 38, 39, and 40 and shows the 90° approach hav-
ing the deepest well, but there is a small repulsive barrier 
at large internuclear distance. Also, the species involved 
in the collision would have to penetrate the electron clouds 
of each other in order to interact intimately. At interme-
diate distances the electron clouds of the interacting parti-
cles overlap, and the energy due to chemical bonding forces 
is not included in the potential. However, the short range 
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repulsive forces and long range attractive forces are ade-
quately represented, and the detailed features of the poten-
tial near the minimum are not necessary in the phase space 
model. Figs. 38, 39, and 40 show the He + N 2 + potential 
curve located at 1.005 eV below the He + + N2 curve. This 
difference corresponds to the exothermicity of the charge 
transfer process. 
The effective potential, Veff , is the apparent poten-
tial energy governing the relative motion of the particles 
and is composed of the static potential given by Eqs. (92) 
and (96) plus the centrifugal energy of the molecule (106). 
The effective potential is given by 
Veff = L 2 /2112. 2 + a/r 3 - b/r" - c/r 6 + d/r I2 	(98) 
where a, b, and c are defined by Eqs. (93), (94), and (95) 
respectively. We have incorporated this potential into the 
phase space model. 
The potential given by Eq. (98) will pass through a 
maximum at some distance r . At the maximum we have 
A 
dV/dr = 0. The orbital angular momentum at the maximum is 
then given by 
L 2 (2. 4 ) = 4C - 3a/r * + b/r * 2 	2c/r * 4 - 12d/r * 10 ], (99) 
which gives for the potential at its maximum 
V(r ) = -a/2r * 3 	b/r * " + 2c/r * 6 - 5d/r * 12 . 	( 100) 
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In order to calculate the angular momentum of the complex, 
we must first determine 2. 4 . For complex formation the 
initial translational energy must be greater than the poten-
tial at the maximum. Therefore, the minimum translational 
energy for complex formation is 
Etrans (min) = -a/2r 3 	b/r 4 	2c/r 6 • 5d/r 4 12 . (101) 
Setting the initial translational energy equal to V(r * ) 
will uniquely define r * and L 2 (r * ). However, for 
Etrans> V(r * ) we may have r * <r , where r is the distance of 
closest approach for a given impact parameter. The distance 
of closest approach is given by (117) 
dr/d4 = ±(r 2 /b 2 ) [1 - 
V(r)/Etrans 
- b 2 /r 2 ]. 	(102) 
At r = rm  the classical turning point is reached, and 
dr/d4 = 0. Thus, we have 
V(rm )/E 
— trans - b2/rm 2 = 0. 
(103) 
We can write L = uvb, and from Eqs. (99) and (103) obtain 
the angular momentum of the complex for a given initial 
kinetic energy; 
£ 2 = L 2 (r * ), 





r * >rm ; 
r * <rm .  
(104a) 
(104b) 
To determine rm  we set the initial translational energy 
equal to the static potential which uniquely defines rm . 
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From Eq. (104) we find the maximum impact - parameter and the 
maximum cross section for complex formation given as 
V2 * bmax 
= L/(211E trans )  ' 
a
max 
= L2/(2yE trans ) 
(105)  
(106)  
We assume that the total angular momentum of the com-
plex is equal to the initial orbital angular momentum given 
by Eq. (104). In order that we have product separation, the 
final translational energy, Ef , must be greater than the 
value of the potential evaluated at the maximum. Ef is given 
by 
and we have 
E
f 
= e(1 	M2/2Ie) > V(r *  ); (107)  
e(1 - M2 /21e) > -a/2r * 3 + b/r * " + 2c/r * 	5d/r * 12 . (108) 
To evaluate r * for product separation, we set an upper bound 
on M 2 . We must have m 2 < 21e and M2 < K 2 . Whichever of 
these conditions is the more restrictive will impose an 
upper bound on m 2 , and will define the maximum value of r * 
 from Eq. (108). 	From Eqs. (99), (107), and (108) the uppe  
bound on orbital angular momentum is given by 
L 2 < 21.1r * 2 [e(1-M 2 /2re) 	a/r * 3 + b/r * " + c/r * 6 -d/r 4 12 ]. 
(109) 
However, r * cannot be less than p m determined for the 
reactant system. 	If r * calculated from Eq. (108) is less 
than r , we set r = r . If we define 
F(r * ) = 2pr * 2 [e - a/r * 3 + h/r * 4 + c/r * 6 - d/r * 12 ], (110) 
Eq. (109) is written as 
£2 < - pr,i 2 m 2 /1- = F(r*). 
From conservation of angular momentum, K 2 	M2 - 2KMz = £ 2 , 
the upper bound on Mx is found to be 
Ma > [K 2 + (1 + pr * 2 //)M2 - F(r * )]/2K. 	(112) 
To obtain the limits of integration for the phase space 
volume element given by Eq. (38), we need to find the roots 
of the equation 
- M) 2 + 2112. 4 2 M2 // - nr 4 ) = 0. 	 (113) 
(114) 
M 
' 	' 	r r = j [ 1 + (m/v 2 - 2M2/4 -1/2 dMzdM, 	(115) 
0 2 1 




The roots are 
M = K ± 'WIT; + ( 2112' 4 2 /1) V(r,,) - K 2 ]  
(2pr * VI + 1 




= M H(M ); 
where M and M are the roots given by Eq. (114). Applying 




 [F(r 4 ) - or 4 2 M 2 /21]OdM + 
M  
[KIM - I + 	2 ]11(-M ) + [iM+ 2 - KM +] S(K-M+) + 
[KIM _ I - +M 2 ]H(M ) S(K-M ) - K 2 H(M+ - K) H(K-M ) (116) 
Eq. (116) reduces to Eq. (47) obtained previously if we con-
sider only the inductive portion of the potential. Since 
Eq. (115) contains the phase space available for dissocia-
tion, we must then apply Eq. (40), (48), and (49) to obtain 
the desired phase space elements and the corresponding prob-
abilities. The cross section for a given channel is then 
given by 
b max 
a = 2r f P h db 
0 
(117) 
where P is the probability for formation of the channel and 
b max  is given by Eq. (105). 
Fig. 41 shows the total cross sections for the reac-
tion between He and N 2. The dashed line is the total cross 
section calculated using the ion-induced dipole potential 
only. The dot-dash curves are the total cross sections cal-
culated using Eqs. (104) and (106). 	Results are presented 
for 0', 45°, and 90° collisions. 	The solid curve is the 
average of the three total cross sections. At low ion 
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Figure 41. Total Cross Sections for He + N Reaction. (The dashed line is 
calculated from the ion-induced dipole potential. The solid line 
is the average of the curves calculated at the various collision 
angles.) 
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kinetic energies the cross sections behave substantially the 
same as the cross section computed using the ion-induced 
dipole potential. At approximately 0.1 eV center of mass 
kinetic energy the cross section rises and then decreases 
with ion kinetic energy. This is approximately the energy 
at which r * becomes less than rm . Above this energy the 
total cross section and the partial cross sections are higher 
than those calculated using only the ion-induced dipole po-
tential. This is due mainly to inclusion of short range 
repulsion forces. The use of the more accurate potential 
will not substantially alter the relative magnitudes for 
production of a given product state. The partial cross sec-
tions computed using the potential given by Eq. (98) will 
not decrease as rapidly with increasing kinetic energy as 
those calculated considering the inductive portion of the 
potential only. 
Figs. 42 and 43 show the cross sections for the for-




computed using the phase space model. 
The dashed line is calculated using the inductive portion of 
the potential (see Figs. 4 and 5). The solid curves are 
those computed using the potential given by Eq. (98) and are 
averages of the cross sections calculated for 0°, 45° and 
90° collisions. 	In Chapter III we discussed the predisso- 
ciation mechanism of N
2 + (C 2 E ) 
to form N + . The N + curve 
presented in Fig. 43 was computed by taking all Ne(C2 E u ) 
ions in the v = 2 state and one-half of the ions in the 
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Figure 42. Cross Section for Formation of N2 4- (C 2 E u ) as a Function of He + 
 Kinetic Energy. 	(The data points are from Ref. (28) C) ; Ref. 
(40) CI ; Ref. (39) A; Ref. (32) 41; Ref. (29-36) § represents 
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the average of the thermal data.) 
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v = 3, 4, 5, and 6 levels to predissociate giving N + . Also 
included in the curve is N + produced from direct dissocia-
tion of N 2+ (c 2 E 14 ). The N9 + curve presented in Fig. 42 is 
the cross section calculated with the predissociating states 
removed. Also shown in the figures are experimentally deter-
mined cross sections. 
Agreement between experimentally determined cross sec-
tions and cross sections computed from the phase space model 
is substantially improved by including a more accurate po-
tential. At energies above 1.0 eV inclusion of the repulsive 





The phase space model assumes that a collision com-
plex is formed in the reaction between an ion projectile and 
a neutral target. The decomposition of the complex into the 
various reaction channels is governed only by conservation 
of total energy and total angular momentum. For large sep- 
aration of the particles the potential energy surfaces are 
dominated by the strong polarization forces, whose potential 
decreases as the inverse fourth power of the separation. At 
small particle separations the nuclei are regarded as moving 
adiabatically on a many-dimensional potential energy sur-
face. The statistical assumption avoids the calculation of 
the adiabatic potential energy surface. 
Avoidance of the details of the potential poses a se-
vere deficiency of the statistical assumption. The statis- 
tical assumption describes a chemical process as a transi-
tion from the potential energy surface of the reactants to 
that of the complex. The various states of the complex are 
populated statistically and decompose to all available 
product states. 	In chemical processes where an electronic 
transition occurs, the statistical assumption may not be 
valid. By using experimental or theoretical evidence to 
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determine accessible product states, additional details de-
scribing the interaction are provided; and qualitative agree-
ment between computed and experimentally determined cross 
sections is obtained. 
Dissociative processes are generally well described 
using the statistical approach. The phase space treatment 
of the dissociative processes presented in this work is dif-
ferent from the treatments used previously. Previous treat- 
ments have taken the difference between the reactive channels 
and the total cross section as the cross section for disso-
ciation. The treatment presented in this work allows sep-
aration of collision induced dissociation and dissociative 
charge transfer processes resulting from the same interac-
tion. Also, dissociation of heteronuclear diatomic ion to 
give different product states can be investigated. The en-
ergy dependence of cross sections, thresholds and relative 
magnitudes of the dissociative channels are well described 
using the statistical model. 
Internal energy distributions of diatomic ions pro-
duced in charge transfer processes are well represented by 
the statistical model. Since there are more states avail-
able to form a lower vibrational state than to form a higher 
state, the vibrational population of reaction products de-
creases monotonically with increasing vibrational state. 
Evidence cited indicates that this is observed experimen-
tally. The rotational population within a given vibrational 
1  
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state increases with rotational quantum number, goes through 
a maximum, and then decreases according to conservation of 
angular momentum. These predictions are in accord with 
observed relative radiative intensities. 
APPENDIX A 
ATOMIC AND MOLECULAR PARAMETERS 




Molecule 	we (cm -1 ) we se (cm-1 ) r e (A) D o (eV) Recombination 
Energy 	(eV) 
N 2 (X'E g ) 2358.07 14.19 1.0976 9.756 
N 2 + (X 2 E g ) 2207.19 16.14 1.118 8.724 15.576 
N2 4. (A 2 Tr u ) 1902.84 14.91 1.177 7.607 16.693 
N 2 4- (B 2 E u ) 2419.84 23.19 1.078 5.555 18.745 
N 2 + (C 2 E u ) 2061. 11. 1.262 3.105 23.575 
02(X 3 z g ) 1580. . 4 12.1 1.2074 5.12 
0 2 4. (X 2 w 9 ) 1876.4 16.5 1.1227 6.48 12.06 
0 2 + (a 4 Tr u ) 1035.7 10.4 1.3813 2.53 16.02 
0 2 4 (A 2 w u ) 900. 13.4 1.4089 1.76 16.79 
02 + (b 4 E q ) 1196,8 17.9 1.2795 2.43 18.04 
NO(X 2 .0 1904,0 13.9 1.1508 6.51 
NO+ (X 1 E) 2377.1 16.3 1.0619 10.84 9.27 
N0+ ( 3 A) 1600. 15.5 1.225 4.14 16.86 
N0 + (A l it) 1608.9 23.3 1.1926 2.60 18.33 
CO(VE) 2170.21 13,461 1.1282 11.091 
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Table Al: 	(Continued) 
0 
Molecule w
e (em -1 ) we  x (cm -1 ) re (A) D o (eV) Recombination e 
Energy (eV) 
Ce(X 2 E) 	2214.24 	15.164 	1.1151 	8.345 	14.009 
C0+ (A 2 7) 	1562.06 	13.532 	1.2437 	5.815 	16.538 
CN(PIT) 	2068.71 	13.144 	1.1718 	8.48 
Ce( 3 n) 	1641 	16.45 	1.3117 	5.068 	14.66 
a. N 2 data are taken from Ref. (47); N0 + ( 3 i) parameters and 
estimates, and the other data from Ref. (27). 
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Table 	A2: 	Rotational 	Constants 	of 	Diatomic 	Molecules 
and 	Ions 	(Ref. 	27) 
Molecule Be (cm—I ) a e (cm —I ) 
0 2 (X 3 E g ) 1.4457 0.01579 
0 2 + (X 2 rr q ) 1.6722 0.01984 
0 2 + (a 4 Tr u ) 1.1047 0.01575 
0 2 + (A 2 7 u ) 1.0617 0.1906 
0 2 4- (13 4 E g ) 1.2873 0.02206 
N 2 (X1E g ) 2.010 0.0187 
N
2
4- (X 2 E) 1.9322 0.0202 
N 2 -1- (A 2 q u ) 1.740 0.018 
N 2 +(3 2 E u ) 2.083 0.195 
N 2 + (C 2 E u ) 1.65 0.05 
Table A3: Polarizabilities of Diatomic Molecules (Ref. 104) 




0 2 	 1.60 
NO 	 1.69 
CO 	 1.95 
CN 	 1.77 
1 
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Table A4: 	Atomic 	Parameters 
Atomic State Polarilabilitya 




C( 3 P) 2.1 11.264 C+ ( 2 P) 
16.595 e( 4 13 ) 
N( 	S) 1.13 14.545 le( 3 13 ) 
N( 2 D) 1.13 12.162 N+( 3 P) 
0( 3 P) 0.77 13.614 0+ ("S) 
He( 1 S) 0.205 24.580 Fle i- ( 2 5 12 ) 
Ne('S) 0.395 21.559 Ne+ ( 2 P3/2) 
21.656 Ne +(2pv2) 
Ar( 1 S) 1.64 15.755 Ar+ ( 2 P312 ) 
15.933 Ar4-(2P1/2) 
Kr( 1 S) 2.48 13.996 Kr+ ( 2 P312 ) 
14.662 Kr+ ( 2 P v2 ) 
a. Ref. 110, b. Ref. 96 
I L 	 
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APPENDIX B 
DESCRIPTION OF THE COMPUTER CALCULATION 
The phase space integral, Eq. (38) can be written as 
X2 x 
r/A = f f [1 + (x/2) 2 - 2xz/z] -0 dxdxz , 
4) 2 0 1 
(B1) 
where 
A = 216 





[Z 2 	X2 - C(1 - X 2 ) 1/21 /2Z, X>IX I I 
0 2 = 	1X 1 1 H(X1) 
C = 2e 2 a0 2 // 2 c 
and X 1 and X2 are the roots of 
(Z - X) 2 - c(1 - X 2 ) v2 = D. 	 (B2) 
We have divided each equation by A, which gives the equation 
in reduced variables and thus gives 
X 2 < 1. 	 (B3) 
The calculation is greatly simplified using the above equa-
tions. The phase space integral becomes 
x2 
r/A = cv2 (1 - X 2 ) 1m dx + 
'XII 
[zlx 1 1 + 2x 1 2 ] 11(-x 1 ) - [ zx 2 2 -1 1 2 2 ] s(z-x 2 ) + 
[ZIX I I - 1X 1 2 ] H(X 1 ) S(Z-X 1 ) - Z 2 H(X 2 - Z) H(Z - X 1 ) 	 ( B 4) 
These equations are used in place of the ones given in 
Chapter II. 
The following is an outline of the program used in 
the phase space calculations. 
1. Input: Spectroscopic parameters, dissociative energies, 
equilibrium internuclear distances of diatomic 
species, force constants, masses, energy range 
and step sizes, and vibrational population 
distributions of reactant diatomic. 
2. Calculate vibrational energy levels, reduced masses, 
dissociation energies, and moments of inertia of 
diatomic species. 
3. For each energy determine energy dependent constants for 
each vibrational state and the maximum impact parameter. 
4. Compute total phase space volumes for each channel and 
vibrational state. Compute phase space volumes for 
stable diatomic products and that for dissociation from 
that vibrational state. Sum to obtain total phase space. 
Convert to probabilities. 
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(a) The roots of Eq. (B2) are obtained from an 
iterative procedure. 
(b) The integral in Eq. (B4) was evaluated using 
Simpson's one-third rule. 
5. Use Simpson's one-third rule to evaluate the integral 
f P b db to obtain the partial cross sections. 
6. Sum over all product and reactant vibration states to 
obtain total cross sections for a given channel. 
7. Write partial and total cross sections. 
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